An evaluation of advanced digital colour technology for colour matching maxillofacial prosthetics. by Nacher-Garcia, C.
  
 
 
 
An evaluation of advanced digital colour technology 
for colour matching maxillofacial prosthetics 
 
 
By 
 
 
Cristina Nacher-Garcia  
MSc (Lon)., Dip Chem., MIMPT., LOTA., SERPMA 
 
THESIS 
Submitted for the degree of Doctor of Clinical Practice 
PART ONE 
 
 
Faculty of Health and Medical Sciences 
School of Health Sciences 
 
University of Surrey 
June 2014 
© Cristina Nacher-Garcia 
2 
 
Statement of Originality 
 
This thesis and the work to which it refers are the results of my own efforts. Any ideas, 
data, images or text resulting from the work of others (whether published or unpublished) 
are fully identified as such within the work and attributed to their originator in the 
bibliography or in footnotes. This thesis has not been submitted in whole or in part for 
any other academic degree or professional qualification. 
 
Name: Cristina Nacher-Garcia 
 
Signature: 
 
 
 
 
 
Date: 24 June 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
3 
 
Acknowledgements 
 
I would like to express my thanks to Dr. W. Knibb, Professor K. Bryan, Professor S. 
Faithfull, and Professor M. Hughes, for their supervision, advice and encouragement 
over the last four years at the University of Surrey. I would also like to thank Dr. A. M. 
Bamber for his guidance and constant support throughout my Doctorate of Clinical 
Practice for which I will forever remain indebted. To my patients for their inspiration in 
this project, and to all the colleagues in the Cranio-Maxillofacial Prosthetics Unit, King’s 
College Hospital NHS Trust, London, for their help, advice and trust during the 
investigation of this project. 
 
Special thanks to Ms A. Wiseman and Ms N. Ghazali for their advice and guidance in the 
lying out of the chapters of my thesis, for which I am very grateful. 
 
To the Maxillofacial Surgery Department at King’s College Hospital, NHS Trust, London, 
for their kind and generous support throughout my studies, Mr. C. Huppa; Mr. R Bentley; 
and to Professor P. Haers from the South Cleft Services, Guy’s and St Thomas Hospitals 
NHS Trust, for their advice in the clinical practice; and Dr A. Douiri from King’s College 
London, for his instruction on the statistical analysis. I would like to thank my employer, 
King’s College Hospital NHS Foundation Trust, for their financial support for me to 
undertake this service and patient focus research study. 
 
To my family for the encouragements they have given me through all my studies, my 
friends for keeping me entertain, focus and energetic during this doctoral journey; and 
finally, thanks to Roberto for his constant support, patience and love.  
4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TO ROBERTO 
¡Astros y fuentes y flores!, 
No murmuréis de mis sueños, 
Sin ellos, 
¿Cómo admirarlos, ni cómo vivir sin ellos? 
 
R.C. (1837-1885) 
 
 
 
 
5 
 
Abstract 
Aim: To evaluate the reliability and reproducibility of the Spectromatch-Pro digital colour 
system (Spectromatch Ltd. UK) in the reproduction of simulated skin-silicone colour 
samples; and to determine threshold Delta E (∆E) (CIE L*a*b*) of perceptible and 
acceptable colour differences for maxillofacial prosthetics. 
Method: A two phase quantitative research design. 
Phase 1: tested; (i) the reproducibility of the spectrophotometer for eight subjects (n=48) 
scans; from four ethnic groups White, Chinese, Asian and Black. (ii) minimum silicone-
skin sample thickness for colour scanning; and (iii) reproducibility of simulated silicone-
skin samples formulae recipe. 
Phase 2: Determine the perceptible and acceptable colour match difference between 
colour silicone-skin samples and human skin for 8 subjects'; from baseline colour scan, 
an in-built colour L*a*b* gradient scales 0-8 at 0.5 ∆E increments were formulated. 
Silicones samples (n=776) were processed; perceptible and acceptable colour difference 
(∆E) assessed by (n=12) colour assessors. 
Results: The spectrophotometer skin colour scans for White, Chinese Indian and Black 
ethnic groups demonstrated positive correlation (r=0.99). Scanner reproducibility for the 
eight subjects, Mean ± SD, ∆E maximum (1.43 ± 0.63), to minimum (0.47 ± 0.21); colour 
formulae silicone sample achieved an acceptable colour match of 0.43 ∆E to 1.36 ∆E. 
The minimum silicone sample thickness (mm); for light to dark skin tones was 8 mm 
(White 6 mm; Black 8 mm). Pigment formula-sample reproducibility (Mean ∆E and SD) 
maximum (1.36 ± 0.29), minimum (0.43 ± 0.16). 
 
The acceptable colour difference threshold for skin simulated medical elastomers for four 
ethnic groups 1.54 ∆E, White 1.61 ∆E; Chinese 1.87 ∆E; Indian was not detectable; and 
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Black 2.33 ∆E. Perceptible and acceptable colour difference (L*a*b*) CIE for L* 
(Light/dark) for all subjects 1.68 to 3.18 ∆E; for a* (red/green), the scores were below 2 
cut off point (not acceptable); and for b* (blue/yellow) 1.58 to 0.51 ∆E. 
 
Conclusion: This study has established the reproducibility of the Spectromatch digital 
colour system; and objectively defined the perceptible and acceptable (∆E) thresholds 
(1) for facial prosthetics (Mean ∆E 1.54), (2) the relationship to human eye sensitivity and 
the perceptibility / acceptability for silicone-skin colour match for maxillofacial prosthetics. 
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Chapter 1 Introduction to the thesis 
 
1.1 Introduction 
Maxillofacial prosthetics is a branch of medical care specialising in the rehabilitation of 
oral, dental and maxillofacial prostheses, in which manmade materials substitute for 
missing biological structures, such as the eyes, ear and nose (Lemon et al., 2005). The 
effective performance of reconstructive surgery strikes a balance between achieving 
oncological control, preserving where possible or rehabilitating vital functions and 
avoiding collateral injury to facial structures. Hence it is a complex process. It is 
imperative that excessive tissue loss to oral, dental and facial tissues is avoided, without 
this reconstruction of the remaining tissue and commencement of the rehabilitation 
phase of the patient’s journey may be problematic (Nouraei et al., 2013; Wolfaardt et al., 
2003a). Rehabilitation through alloplastic or prosthetic restoration remains an important 
option functionally, aesthetically and socially for reinstating individuals into their lives and 
thereby enhancing their well-being (Goiato et al., 2009a; Markt & Lemon, 2001). 
 
Maxillofacial prosthetics can be both an adjunct to surgical reconstruction and is a viable 
alternative when surgery is not an option. However debate exists regarding whether the 
surgical or prosthetic option for reconstruction is best (Gion, 2006). Prosthetic 
reconstruction of the ear is usually indicated where autogenous reconstruction has failed 
or there is severe soft-tissue / skeletal hypoplasia, because autogenous reconstruction in 
this setting often presents a technical challenge to the surgeon (Thorne et al., 2001) 
such as congenital microtia (i.e. the pinna or external ear is partially underdeveloped) or 
anotia (i.e. a completely undeveloped pinna) (Brent, 1999). Nevertheless, the long-term 
success of any prosthetic reconstruction requires lifelong attention and aftercare, due to 
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the potential for prosthetic support failure (Gion, 2006; Wolfaardt et al., 2003a). This may 
arise from problems with the soft-tissue layer, the quality of prosthesis retention and / or 
skin reactions with adhesives (Goiato et al., 2007; Mancuso et al., 2009). It is reported 
that 12 % of patients who receive ear, nose, eye, and cheek prostheses using silicone 
materials never wear them due to dissatisfaction with the aesthetics and colour stability 
(Chen et al., 1982). Furthermore prosthetic colour changes due to the changing silicone 
elastomers and pigment colours exhibited over time, thereby presenting the need for 
periodic remakes (Gary & Smith, 1998). Aesthetically this is a significant factor for 
patients because colour change in the prosthesis is one of the most important 
parameters of acceptability for patients (Jani & Schaaf, 1978; Watson et al., 1995). 
 
The development and convergence of digital technology solutions and its application in 
the diagnosis, planning of head and neck reconstruction is occurring at an 
unprecedented pace (Gabbay & Walley, 2006; Wolfaardt et al., 2003a). Digital 
technology has rapidly transformed the field of facial prosthetics through the 
development of new manufacturing methods and software programmes (Eggbeer et al., 
2007), including the ability to permit clinicians to design the contour of the prosthesis 
virtually. Employing advanced digital technology in the design and construction of facial 
prosthetics brings opportunities to change their perceived value and quality (Wolfaardt et 
al., 2003a). One interesting area of digital technological development in maxillofacial 
prosthetics is colour matching, one of the most challenging aspects of maxillofacial 
prosthetics (Davis, 2010). The spectrophotometer colour measurements and software 
programmes facilitate colour matching the prosthesis to the patient’s skin tone (Wolfaardt 
et al., 2003a). Furthermore adoption of this technology may potentially enhance patient 
outcomes and may be more cost effective service due to reduced consultation times 
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(Davis, 2010; Eggbeer et al., 2007). However their newness and the lack of awareness 
of their potential to deliver increased value for money facial prosthetic care, by clinicians, 
may preclude their wider use (Bibb et al., 2010, Eggbeer et al., 2007). 
 
The existing clinical practice of colour matching in Maxillofacial Prosthetics is not based 
on scientific evidence; it is a subjective procedure of trial and error involving the 
individual Prosthetist’s perception of colour matching (Troppmann et al., 1996; Coward et 
al., 2008). An objective scientific method for colour matching using digital technology 
may potentially assist in advancing the process of colour matching facial prosthetics for 
the facially disfigured patient. Computerised colour formulation has the potential to 
deliver an enhanced service through technological advancement (Troppmann et al., 
1996), and from a strategic service planning and system readiness viewpoint, these new 
digital technologies are either not being implemented or validated in the clinical setting 
(Wolfaardt et al., 2003a). Hence, there is a fundamental need to evaluate the 
reproducibility of the colour matching process and the reliability of this new available 
digital colour technology. Further to this, additional evaluation will need to assess if this 
new technology can transform workforce capability, for example, Maxillofacial Prosthetist 
may not necessarily need as much artistic skill to create a prosthesis that is aesthetically 
acceptable to the patient. This is important as fund holders may only invest in areas 
where they see value for money and therefore, they need to be assured of their cost 
effectiveness and improved care outcomes before new technologies become more 
widely adopted (Nacher-Garcia & Kaur, 2009a,b; Wolfaardt et al., 2003a). With the lack 
of evidence supporting such technological innovations, Maxillofacial Prosthetic teams 
may have difficulty placing a value (Wolfaardt, 1992). The aim of this project is to 
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evaluate the reproducibility of colour in prosthetics digital colour technology to speed up 
services and improve technical manufacture. 
 
1.2 Background and context 
1.2.1 Background to maxillofacial prosthetics 
Head and neck deformities due to radical cancer surgery, trauma or birth defects can 
result in gross facial disfigurement (Harrison et al., 2003), and historically they are not a 
new issue in patient care (Wood, 1917). Maxillofacial prosthetic reconstruction is a 
clinical specialty utilising man-made materials, such as medical grade elastomers 
(silicone) and metal implants, to restore the functionality and appearance of missing 
biological structures (Andres et al., 1992a; Cantor et al., 1969; Eggbeer et al., 2007). It 
provides an alternative to conventional reconstructive surgery when surgical 
reconstruction is not viable after ablative cancer surgery or gross facial trauma. This may 
be due to the patient’s psychophysical and medical condition or where excessive soft 
tissue substance has been lost (Leonardi et al., 2008) (See figure 1.1a, b & c below). 
 
Figure 1.1 Patient* presented with Neurofibromatosis; a) pre-surgery, b) post-surgery 
orbital defect; frontal and c) lateral view (* Patient consented to pictures). 
 
 
  
a b c 
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Maxillofacial prosthetics can contribute to the quality of life of patients with congenital 
defects or those treated surgically for a head and neck neoplasms (Barclay & Lyons, 
1995). Importantly the patient’s quality of life directly impacts upon their resocialisation 
into their family and integration into the wider community (Goiato et al., 2009a; Thomas, 
2006). However their re-socialisation hinges upon their satisfaction with all aspects of 
their rehabilitation (Markt & Lemon, 2001). 
 
Physical attractiveness is an important factor in an individual’s life (Berscheid & 
Gangestead, 1982) psychologically the impact of self-image extends across a wide 
range of social and interpersonal situations (Bull & Rumsey, 1988). Therefore the 
Maxillofacial Prosthetists’ ability to restore a facial defect, with an aesthetically pleasing 
prosthesis, as illustrated in Figures 1.2, 1.3, 1.4, is critical to the patient’s acceptance of 
their facial defect, their emotional well-being and re-socialisation (Heissler et al., 1998). 
 
Figure 1.2 a) Patient* with right orbital defect, b) custom designed-made silicone orbital 
prosthesis, and c) patient with prosthesis fitted (post-prosthetic restoration).  
(* Patient consented to pictures). 
 
   
 
 
  
a b c 
19 
 
Figure 1.3 Treacher-Collins syndrome patient* with auricular deficiency; a) post implant 
insertion, b) silicone auricular prosthesis; and c) after prosthetic auricular restoration. 
 
   
 
Figure 1.4 Patient* with a) neurofibromatosis in the right orbital region; b) orbital 
evisceration; and c) post-surgical prosthetics rehabilitation with an implant retained orbital 
prosthesis. 
 
   
 
(* Patients’ consented to pictures). 
 
1.2.2 Current practice in maxillofacial prosthetics 
Complete rehabilitation of patients with facial disfigurements is delivered by co-ordinated 
multidisciplinary team approach. This includes surgical specialists, Maxillofacial 
Prosthetists and other healthcare professionals, such as clinical psychologists, 
a b c 
a b c 
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camouflage nurses, speech and language therapists, physiotherapists and occupational 
therapists (Chen et al., 1997). 
 
Facial prosthetics can be a life-changing milestone for patients who have lost an eye, 
ear, or nose or sustained damage to intraoral structures as a result of trauma (car 
accidents, burns, occupational accidents), and head and neck cancer (Harrison et al., 
2003; Medina et al., 1996). For many years, such people were forgotten patients who 
had to live with these obvious deformities; consequently, many of them avoided social 
situations and interactions (Goiato et al., 2009a). Thanks to the advances in science, 
materials and technology, a near normal appearance can be restored with a new 
prosthetic eye, ear or nose (Bergström, 1996 and 1998; Thomas, 2006; Wolfaardt et al., 
2000a and 2003b). 
 
Patients faced with these facial defects may be able to choose between surgical and 
prosthetic reconstruction or prosthesis only depending on the location and size of the 
defect. Surgical reconstructive methods may be constrained by the integrity and 
availability of local and remote tissue beds, the patient’s ability to withstand such 
procedures, the differences in tissue colours and textures which become obvious post-
operatively, and the requirements of viewing a site that has undergone surgery because 
of cancer (Huber & Studer, 2002; Wolfaardt et al., 2000 - 2003b). Furthermore prosthetic 
reconstruction may be constrained by the patient’s psychological ability to accept 
something that is unnatural and removable (Thomas, 2006). Prostheses are often made 
of coloured medical elastomers (silicone), which deteriorate with time (Lemon et al., 
1995; Polyzois et al., 2000), thus adding complexity to the patients rehabilitation. 
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1.2.3 The patient journey 
The multidisciplinary team (MDT) management of patients requiring prosthetic facial 
reconstruction due to trauma, cancer or birth defect occurs in a dedicated MDT clinic 
with a Maxillofacial Prosthetist involved at the first patient consultation. 
 
The surgical reconstruction, the patient’s prosthetic rehabilitation and follow up care are 
discussed at early stage as part of the informed consent process (NHS Choices, 2014). 
Treatment for facial prosthetics reconstruction is usually divided into four stages; initial 
planning for the prosthesis, the surgical procedure, the making of the prosthesis, and 
finally the fitting of the prosthesis (Table 1.1). 
 
At the pre-surgical evaluation or treatment planning in stage one, the Maxillofacial 
Prosthetist would explain the various procedures that are involved in making a facial 
prosthesis including taking a 3D surface scan or impression with alginate or a silicone 
material of the entire face. This will be used to recreate the soft tissue detail that is 
surgically removed. Additionally close-up photographs are taken as reference material or 
if a significant defect is present; photographs of directly related family members may also 
be used. An individual assessment of the patient’s needs is one of the most important 
elements of prosthetics rehabilitation, as it guides the overall success of treatment in 
terms of design and acceptance of the treatment and aftercare (Thomas, 2006). Hence a 
relaxed atmosphere is created, where the patient is made comfortable and their anxiety 
is reduced. As identified in figure 1.1, patients’ who have undergone radical surgery can 
have great difficulty accepting their situation, as there may have been limited opportunity 
for the surgeon to discuss the rehabilitation process and facial prosthetics pre-
operatively. Consequently, at this stage, it is important that any limitations associated 
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with replacing moving tissue / organs and the long term consequences of prosthetic 
treatment are fully explained as part of the patient empowerment process, before the 
surgical procedure in stage 2 is initiated (Goiato et al., 2009a; Thomas, 2006). 
 
Table 1.1 Facial reconstruction treatment plan stages 
 
Stage 1 
 
 
Treatment 
planning 
 
 
Initial planning for the prosthesis (2-3 appointments): 
a. Patient assessment. 
b. Facial Records taken. 
c. CT scan - to assess bone quality and 3D implants positioning. 
Stage 2 
 
 
The surgical 
procedure 
 
a. The first part of the surgical procedure: Titanium implants are placed 
into the bone to retain the prosthesis. 
b. A period of healing, approximately 3-6 months. In some cases, the 
two part procedures are carried out in one stage. 
c. The second part of the procedure: the healing abutments are 
attached to the titanium implants. 
d. A period of healing, usually 3-4 weeks (or for one stage surgery the 
healing will be approximately 3 months). 
 
Stage 3 
 
 
Making the 
prosthesis 
 
a. Final abutments are placed over the titanium fixtures and an 
“impression” of the area is made after which work on making the 
prosthesis can begin. 
b. A model is made (ear, nose or orbital) wax sculpting, mould and 
silicone colour match processed (2-3 appointments). 
 
Stage 4 
 
 
Fitting the 
prosthesis 
 
a. The prosthesis will be fitted, and at this stage patient in instructed 
about management and care of the prosthesis and its abutments. 
b. A post fitting follow-up appointment is made. 
 
 
Following the pre-operative assessment and surgical procedure, the patients’ first post-
operative visit (stage 3) is usually scheduled for the six weeks after surgery as cranio-
maxillofacial defects should be prosthetically reconstructed as soon as the patient’s 
condition is stable (Thomas, 2006). The only reason to delay the procedure is the desire 
to monitor and rule out local recurrence of the tumour in the cancer patient. At this 
appointment, a second impression is made of the wound or defect and remaining 
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anatomy, alternatively if a new CT scan is available the intra-anatomy removal implants 
and prosthesis can be created from this. After the impression material congeals, a thin 
layer of cast stone plaster is poured on top of the impression to prevent it from binding or 
bending. The entire impression is then removed, processed in the laboratory, filled with 
stone plaster and a positive replication of the wound is obtained. Photographs are taken 
for comparison with the pre-surgical photographs. Any tissue distortion produced by 
tumour masses or distortion from the surgical procedure can therefore be identified and 
can be used in subsequent procedures. The impression can be either from an auricular, 
nasal or orbital defect and the material of choice is often decided by the prosthetists and 
the nature of the defect and surrounding tissues. Any means of retention, such as for 
implant retained prostheses, is also identified at his stage (Thomas, 2006). 
 
A series of appointments depending of each individual needs and medical condition will 
follow, which involves the sculpting of the auricular, nasal or orbital prosthesis, the last 
would include an eye ball component, which is also artistically fabricated before 
processing to the wax sculpting (wax pattern). This procedure is performed at the 
patient’s side to assist in defining the overall contouring and shape of the prosthesis. 
Potentially evolving facial scanning software and 3-D printing may aid in this process, by 
replicating a mirror image of the patient’s ear or using library body part scanned images 
this may substitute the manual process of artistically sculpting the body part, 
consequently reducing consultation times (Bibb et al., 2010; Wolfaardt et al., 2003a). 
Once the wax sculpt is tried on the patient and finalised, the wax prosthesis is processed 
in the laboratory by fabricating an accurate and detailed two part stone plaster mould. 
Subsequently the wax is boiled out of the mould and then coated with mould separator 
ready for the patient colour matching process in silicone. 
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Colour matching occurs at the patient’s side and may involve a consultation of up to 2 
hours, depending on the skills of the Maxillofacial Prosthetist; however, digital colour 
match technology reduces this stage to approximately 30 minutes thereby indicating its 
effectiveness in terms of consultation times. At stage 4, the silicone prosthesis will be 
fitted and the patient is advised on the aftercare and management of the tissues, 
implants abutments and silicone prosthesis. 
 
1.2.4 The organisation of the maxillofacial prosthetics service 
Maxillofacial Prosthetics service is delivered within the NHS clinical healthcare 
reconstructive science specialty that deals with specialist rehabilitation of patients 
requiring treatment after a traumatic injury, cancer surgery or birth defects causing 
malformation (IMPT, 2011; NHS Careers, 2013). 
 
The Maxillofacial Prosthetist is a member of the healthcare science workforce, 
specialising in the prosthetic reconstruction and therapeutic management of the patient. 
Their main role is to construct and apply custom-made medical devices such as realistic 
prostheses, intra-oral prosthetics, therapeutic splints, implantable devices and titanium 
skull plates, for patients (NHS Careers, 2013). The service meets patients in order to 
assess their needs and explain exactly what treatment the patient may need and how 
long it will take (NHS Careers, 2013). On the follow-up appointments, a facial prosthesis 
is devised for the patient by using wax, acrylic or clay; try-on and colour-matching (which 
may take up to two hours) culminating in the fitting of the silicone facial prosthesis to 
restore the patient facial defect, as discussed earlier. Furthermore Maxillofacial 
Prosthetists work with other clinical colleagues in emergency cases by constructing 
special splints to be used in theatre, for trauma patients. Typically they work as part of an 
25 
 
MDT in a maxillofacial, Head & Neck, ENT or plastic surgery department within a 
specialist NHS Hospital, thereby working at the forefront of reconstructive science 
research and innovation, so that patients receive the very best healthcare (NHS Careers, 
2013). 
 
The specialist head and neck cancer team services deliver high quality clinical care to 
patients’ with suspected head and neck tumours and specialist surgical treatment for 
patients with a confirmed diagnosis of head and neck cancers (NHS England, 2013 - 
2014, Cancer: Head and Neck, Adult - Service Specifications B16/S/a). The service is 
commissioned to deliver high quality clinical care and specialist surgical treatment. The 
specialist Head & Neck Cancer Service is required to treat a minimum of 100 new cases 
of upper aero-digestive tract (UAT) cancers per annum (excluding glandular tumours), as 
part of a local network agreement as part of a major NHS cancer centre (NHS England, 
2013 - 2014, Cancer: Head and Neck, Adult - Service Specifications B16/S/a). 
 
1.2.5 The political and policy context 
In 2009, there were approximately 9,400 newly diagnosed head and neck cancers in 
England. The overall crude incidence rate for head and neck cancers is approximately 
18.1 per 100,000 population (NHS England, 2013 - 2014). This includes cancers of the 
oral cavity (2,250 cases, 4.4 per 100,000 population), larynx (1,800 cases, 3.5 per 
100,000 population), oropharynx (1,500 cases, 3.0 per 100,000 population), 
nasopharynx (200 cases, 0.4 per 100,000 population), hypopharynx (400 cases, 0.8 per 
100,000) and thyroid (2,000 cases, 3.9 per 100,000 population) (NHS England 2013 - 
2014, Cancer: Head and Neck, Adult - Service Specifications B16/S/a). 
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In addition to the Head & Neck Cancer service, the Maxillofacial Prosthetist also provides 
services to other multidisciplinary surgical teams for congenital deformity, such as the 
Cleft Lip & Palate, and Trauma-related deformities. The reconfiguration of NHS services 
in England and the publication of the report “Healthcare for London: A framework for 
Action” in July 2007 (Healthcare for London 2007a) has driven the need for specialist 
care across London. This report identified significant deficiencies in the treatment and 
care of major trauma identifying that severe trauma should be dealt with by fewer 
specialist centres (HfL 2007a). Consequently, one of the five principles emerging from 
this report was the localisation and regionalisation of services wherever possible to 
improve the quality of care; and therefore, the centralisation of maxillofacial prosthetics 
services followed this reorganisation. 
 
The “New Trauma and Stroke Services for London” Healthcare for London (HfL 2007b) 
has introduced a new model of service delivery, to drive forward strategic changes in 
healthcare. Maxillofacial Prosthetics services are now mainly delivered within dedicated 
major trauma or cancer centres; where the MDT rehabilitation of patients with facial 
disfigurements, offers a new model of care (National Health Service Careers, 2009). 
Parallel to this, the development of Reconstructive Sciences in Modernising Scientific 
Careers (NHS Careers, 2009 and 2010), has set up the standards for the education and 
training of Maxillofacial Prosthetists, now called the Clinical Reconstructive Scientist 
workforce, to address the care needs of this patient group. 
 
1.2.6 Service provision nationally and internationally 
The availability of Maxillofacial Surgery and Maxillofacial Prosthetics services varies 
globally (Cowper, 1996; HfL, 2007b). Furthermore in most major cities in the United 
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States, there is at least one specialist medical centre offering such patients a choice of 
treatments (Ali et al., 1995). Nationally in the United Kingdom (UK) Ali et als., (1995) 
survey of Oral and Maxillofacial Surgeons reported that maxillectomy was performed by 
83% of those surveyed. However the occurrence rates for such surgery were low; with 
most surgeons perform one to five cases per year suggesting a dilution of surgical 
expertise (Ali et al., 1995). Although 38% of surgeons performed reconstructive surgery 
post-maxillectomy, only in 10% of surgeons opted for prosthetic rehabilitation (Ali et al., 
1995). An influencing factor for surgeons opting for surgical or prosthetic reconstruction 
was access to restorative dentistry (Ali et al., 1995). This is unsurprising as access to 
and awareness about the availability of maxillofacial prosthodontist services is a 
recognised issue, and could be addressed by effective communication between 
members of the MDT (Huber & Studer, 2002). A slightly different perspective is seen in 
relation to Plastic and Ear Nose & Throat (ENT) surgical services requiring Maxillofacial 
Prosthetics services (Barclay & Lyons, 1995). Barclay & Lyons (1995) survey supported 
the notion that the small numbers of patients treated by individual surgeons potentially 
dilutes expertise, thereby supporting the need for supra-regional MDT specialist centres 
(Healthcare for London 2007a). 
 
1.2.7 Economic aspects 
Maxillofacial prosthetics is faced with increasing patient numbers, due to the rising 
incidence of head and neck cancer and changing population demographics (NHS 
England 2013 - 2014, Cancer: Head and Neck, Adult), cost constraints because of the 
limited funding; leading to the need, to explore other means of cost-efficiency and cost-
effectiveness, and whether computer-aided techniques can increase efficiency in service 
delivery (Bibb et al., 2010, Wolfaardt et al., 2003a). Additionally the need to identify the 
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quality, economic, technological and clinical implications of the application of digital 
technologies, in maxillofacial prosthetics has been highlighted (Bibb et al., 2010; 
Wolfaardt et al., 2003a). Although Bibb et al., (2010) identified the current capabilities of 
digital technologies in the preparation, design and manufacture of maxillofacial 
prostheses it did not address the application of the colour manufacturing process, or its 
potential to enhance patient outcomes. Consequently there is a need for such 
technological advancements to be driven by the Maxillofacial Prosthetists. Furthermore 
any new technology potentially advancing facial prosthetic reconstruction and patient 
rehabilitation needs to be evaluated in the clinical setting to effectively determine its 
value (Wolfaardt et al., 2003a). 
 
The management of patients requiring maxillofacial prosthetics is complex, involving 
various appointments and procedures, from the initial consultation assessment process, 
treatment planning and the maxillofacial prosthetics rehabilitation (Thomas, 1994). The 
last involves the matching and reproducing the patient’s skin colour thereby, which is one 
of the most challenging aspects of maxillofacial prosthetics, to enhance the patient’s 
quality of life (Fine, 1978, Thomas, 1994). 
 
1.2.8 Skin colour simulation and maxillofacial prosthetics 
The process of skin colour simulation, where the patient’s skin colour is perceived by the 
prosthetist and technically reproduced, is one of the most challenging aspects of the 
prosthetists’ role (Thomas, 1994; Troppmann et al., 1996). The successful match 
between the prosthesis and the patient’s facial skin is dependent on the visually-driven 
skills of the Maxillofacial Prosthetists performing the colour match, an artistic skill that is 
not quantifiable and scientifically reproducible (Paravina et al., 2009). 
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The subjective method of colour identification is strongly influenced by the experience of 
a Maxillofacial Prosthetist matching and reproducing the patient’s skin colour. The 
perception of skin colour by the human eye varies according to the luminous radiation 
striking a body (Huber & Studer, 2002; Paravina et al., 2009). Furthermore colour is a 
subjective sensation derived from the stimulation of nerve centres by light (Johnston, 
2009). The human eye and the reflectance (physical) properties of the object are 
fundamental elements to its perception (Bicchierini et al., 2005). Light is a type of 
electromagnetic wave and the Commission Internationale de l’Eclairage, CIE, (CIE 1976) 
defines “visible light” with the wavelengths from 380 to 780 nm that creates vision by 
striking the eye and interacting with its photoreceptors. 
 
Skin shade matching is accomplished often in clinic by mixing dry earth or oil pigments 
with translucent medical-grade elastomers (silicone) until an acceptable colour match is 
achieved (Huber & Studer, 2002, Thomas, 1994). Many different materials and methods 
for prosthetic pigmentation have been documented and can be divided into intrinsic or 
extrinsic procedures or a combination of both (Godoy et al., 1992; Ma et al., 1988). The 
skin colour matching and reproduction procedure is undertaken in a room lit by either 
sunlight or fluorescent light, typically in an indoor environment (Hunter, 1987; Troppmann 
et al., 1996). The colour of prostheses may be visually perceived differently in day light 
due to the metamerism effect; where two colours that appear the same under one 
illuminant may look different under another (Hunter, 1987; Troppmann et al., 1996). The 
optical phenomenon of metamerism with the colour pigments used when colour 
matching finger prosthesis and the choice of illuminants that would give rise to the least 
metameric effect between the prostheses and the human skin or the best colour match 
was investigated (Leow et al., 1999). This metameric colour difference can be minimised 
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if the prosthesis is matched under a combination of illuminants -TL84, D65 and 
Fluorescent (Leow et al., 1999). A facial prosthesis may be perceived differently when 
viewed under various illuminants; see figure 1.5., below. 
 
Figure 1.5 An auricular prosthesis under various illuminants: a) day light D65; b) 
tungsten; and c) and fluorescent TL84 lights. 
 
 
 
Currently, common practice uses medical grade silicone in the construction of facial 
prostheses coloured by an arbitrary method of trial and error and acceptance of facial 
prosthesis based upon how realistically it is coloured to match to the surrounding facial 
tissues (Huber & Studer, 2002). The colour replication process of any restorative 
material for facial prosthetics is divided into a skin shade selection phase followed by a 
duplication phase. Both processes are visually-driven and can be unreliable, providing 
inconsistent results (Culpepper, 1970; Okubo et al., 1998). Reliance on visual perception 
and interpretation introduces a subjective component which is difficult to eliminate 
(Hunter, 1987; Troppmann et al., 1996). Consequently the variables involved in the facial 
prosthetic colour matching can make this procedure difficult, time-consuming and 
a b c 
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unpredictable, potentially resulting in clinical outcomes that are unacceptable for the 
patient (Huber & Studer, 2002). 
 
Matching a facial prosthesis to the colour of surrounding skin tissue continues to be a 
challenge for the Maxillofacial Prosthetist (Paravina et al., 2009; Seelaus et al., 2011; 
Thomas, 1994; Troppmann et al., 1996). Many factors affect human skin colour; these 
include thickness of the keratin layer, the blood supply perfusing the skin and degree of 
melanin pigmentation (Thong et al., 2003). Additionally genetic and geographical factors 
may also play an important role in skin colour variations among various ethnic groups 
(Ito & Wakamatsu, 2003; Walters & Roberts, 2008). As discussed earlier, skin shades 
also vary according to their location on the body, which may lead to colour mismatching 
after reconstruction surgery (Feldman, 1990). This is evident when a defect that is 
surgically reconstructed using microvascular tissue transfer may not achieve a desirable 
result because the skin colour of the donated tissue may be different from the recipient 
site (Shaw & Ahn, 1992). For example, the anterolateral thigh flap which is relatively 
unexposed to sunlight is commonly used in head and neck cancer reconstruction (Shaw 
et al., 2010) and this flap provides donor skin from the thigh. When transplanted to the 
face, which is an area frequently exposed to the sun, the skin colour mismatch can be 
significant due to the multi-layered, non-homogeneous and partially translucent structure 
of the skin (Xingxue & Johnston, 2011). Furthermore it can also be affected by exposure 
to temperature and exercise (Jablonski & Chaplin, 2010). Thus, obtaining an appropriate 
polychromatic colour and translucency match for craniofacial prostheses remains an 
important and challenging part of improving prosthetic aesthetics and realism (Taylor, 
2000). 
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The metamerism effect cannot be controlled by the human eye but may be amenable to 
scientific technology (Carrol & Carrol, 2009; Johnston, 2009; Paravina et al., 2009; 
Hunter, 1987; Troppmann et al., 1996). An objective colour match procedure, 
scientifically quantifying the process of colour formulation on the colour matching 
procedure, may be the solution to assist the Maxillofacial Prosthetists in the rehabilitation 
of these very deserving patients. This may improve clinical practice and potentially be 
more efficacious to the NHS service. 
 
1.2.9 The Spectromatch Pro digital colour system 
The Spectromatch Pro digital colour system (SPDCS) (Spectromatch Ltd., UK) (see 
figure 1.6) is a comprehensive tool that can measure the colour of the skin by a 
spectrophotometer (Konica Minolta spectrophotometer 2300D) (see figure 1.7). The 
system uses its own software and colour pigments (medical device) to process silicone 
samples replicating the patient’s skin colour. Furthermore it permits the addition of 
flocking (vein like filaments), for simulating blood vessels in human skin, adjusting the 
base colour by a pigment loaded recipe, thereby enhancing the aesthetic and cosmetic 
appearance of the prosthesis. 
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Figure 1.6 The Spectromatch Pro digital colour system. 
 
 
 
Figure 1.7 Spectrophotometer Konica Minolta 2300D model.
 
 
The Spectromatch software system (SDCS) allows for direct colour calculations from the 
skin-scan spectral reflectance data (see figure.1.8). In the colour toolbox, a graph shows 
the spectral reflectance curve from a colorant recipe, which should represent and match 
the target patient skin colour. The system and its software graphically represents the CIE 
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L*a*b* colour space model (CIE 1976) which has been programmed with the CIE Lab 
CMC equation. This formulates spectral data from the target patient skin colour on three 
CIE (L*a*b*) coordinates and uses a graphical colour tolerance model for the colour 
difference calculations (Fig.1.9). 
Figure 1.8 The Spectromatch colour reflectance model graph.
 
Figure 1.9 The Spectromatch CIE L*a*b* colour space model. 
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The system colour tolerance (Fig.1.10) is represented on both linear and elliptic 
graphics, showing the target skin coloured (spectral data) by a dotted squared symbol 
(green/yellow) within the elliptical graph. This is represented by two axes on a positive 
and negative Delta E (∆E) units (colour difference), showing the difference from the 
target colour to the measured silicone sample. This is the model used in this research 
study. However, reproducibility of the measurements and silicone sample testing with the 
Spectromatch system has not been reported in the literature. 
 
Figure 1.10 The Spectromatch graphical colour tolerance model. 
 
 
The Spectromatch software was designed to create a colour formulae recipe generated 
from the spectral data captured by the scanning of the patient skin with a 
spectrophotometer (Fig.1.11). The formula quantifies the pigment loading needed from a 
colour palette (Fig.1.12) to create a recipe to be mixed with a silicone (medical grade 
elastomer) to fabricate the facial prosthesis.  
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Figure 1.11 A subject, Spectromatch system, computed skin scan formulae. 
 
 
Figure 1.12 A subject, Spectromatch system, pigment loading formulae. 
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The Spectromatch system uses a palette of colourants based upon fourteen pigments 
and five flock’s palette (Fig. 1.13) for the intrinsic colouration of platinum cure silicones to 
create a recipe from the patient’s skin spectral data for a cosmetically matched 
prosthesis for the Maxillofacial Prosthetist to formulate a silicone colour (mixed) recipe to 
match the patient’s skin tone (see table 1.2. for the Spectromatch colour match process). 
 
Figure 1.13 The Spectromatch fourteen colourants palette. 
 
  
Crimson 
Russet 
Brick 
Oak 
Earth 
Yellow 
Orange 
Leaf 
Green 
Blue 
Purple 
Violet 
Black 
White 
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Table 1.2 The Spectromatch colour match process 
Stage 1 
 
 
Patient colour 
scan 
 
The patient’s colour scan is achieved by the system spectrophotometer: 
a. selecting a prosthesis template using the Spectromatch system 
software, 
b. the skin areas are selected by the operator, and 
c. scanned (1 to 3 scans) with the system spectrophotometer. 
 
Stage 2 
 
 
Mixing of the 
Spectromatch 
colours from 
patient’s scan 
 
The formulae recipe consisting of Spectromatch pre-mixes: 
a. a selected silicone, pigments and catalyst, 
b. is formulated by the computer software and  
c. selected by the operator. 
 
Stage 3 
 
 
Recipe test 
swatches 
 
One to three silicone samples from each scan recipe are usually made: 
a. to allow for the base colour and other skin colours characteristics, 
b. to load them in the test swatch mould to process test swatches, 
c. the test swatches are visually checked against the patient’s skin and 
scanned back into the system to confirm correct mixing procedure. 
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Digital technology with computerised colour formulation may provide a new technology 
that assists Maxillofacial Healthcare Practitioners with the challenging process of colour 
matching facial prostheses. Furthermore, the application of advanced digital colour 
technology may improve patient outcome and speed up the process of colour matching. 
However the technology, the processes and the perceptibility and acceptability Delta E 
(∆E) values of the fabricated silicone samples have not been reported in the literature to 
date. A clinical protocol for skin colour matching of silicone elastomers using the 
Spectromatch System has been introduced at a Craniofacial Prosthetics Unit, in the UK 
(Nacher-Garcia & Kaur, 2009a). This new approach may offer an objective reproducible 
method for colour matching skin to silicone elastomers by controlling metamerism and 
providing colour continuity under different light sources, thereby reducing consultation 
times. However this system requires scientific evaluation to test the reliability and validity 
of advanced digital colour technology, the Spectromatch colour system, in craniofacial 
prosthetic reconstruction. 
 
This study will evaluate if advanced digital colour technology, the Spectromatch digital 
colour system, can reproduce skin colour for maxillofacial prosthetics. It will determine 
the base line Delta E (∆E) threshold values of perceptible and acceptable colour 
differences, in the reproduction of medical grade elastomers (silicone) for facial 
prostheses. 
 
1.3 Chapter summary 
While advanced digital colour technology is readily available in the market, this has not 
been widely adopted in the clinical setting, including Maxillofacial Prosthetics. The 
answer to creating value for money in Maxillofacial Prosthetics in health care may lie in 
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engaging with technological solutions; however changes at the point of care remain 
problematic. Historically, creating a facial prosthesis has been viewed as an artistic 
activity involving various procedures (Conroy, 1993; Thomas, 1994). However, it may be 
contended that producing a facial prosthesis is a biotechnological process, involving 
replication of a body part (Davis, 2010; Eggbeer et al., 2007). This may include other 
medical or bioengineering fields, such as prosthetics limbs (Bicchierini et al., 2005; Leow 
et al., 2006). The recent acquisition of advanced digital colour technology at one 
Craniofacial Prosthetics Unit in the United Kingdom may provide an avenue for the more 
efficacious management of Maxillofacial Prosthetic patients with complex needs 
(Nacher-Garcia & Kaur, 2009b). Furthermore this advanced technological approach may 
reduce the length of clinical time and number of appointments required for each patient 
therefore reducing costs to the service. Despite these observations this technology has 
not been fully evaluated and until this been undertaken its value to the maxillofacial 
prosthetic service may not be truly perceived and therefore widely implemented in the 
clinical setting (Greenhalgh et al., 2005). The aim of this research is to evaluate the 
Spectromatch-Pro system’s ability to reproduce a silicone sample recipe in a quantifiable 
manner. This will enable the threshold (baseline) perceptibility and acceptability Delta E 
value to be defined so that fabricated prosthesis will have good colour acceptability for 
patients. 
 
The advantage of this technology is theoretically present but requires scientific 
evaluation. Consequently the questions remains if the advanced digital colour technology 
can reproduce colour that would match medical grade elastomers for the application of 
facial reconstruction thereby assisting Maxillofacial Prosthetist rehabilitate patients with 
facial deformities. It remains questionable, if this technology is more reliable for colour 
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matching silicone prosthetics with the patient’s own skin that the standard procedure of 
trial and error colour matching. This study therefore aims to objectively answer these 
questions and thereby contribute to the current evidence base for implementing new 
technologies to support the prosthetics service. Potentially this study may drive a 
paradigm shift in the future delivery of the maxillofacial prosthetic NHS service. 
 
1.4 Outline of remaining chapters 
The next chapter will explore the evidence base surrounding the application of advanced 
digital colour technology systems for maxillofacial prosthetics. Chapter Three explains 
the principles of the methodological approach using a framework to develop and 
organise the study’s structure (Mock et al., 2007; Wisker, 2008). The study will use a two 
phase quantitative research design. Chapter Four documents the results of the two 
phases of the study. Phase 1 will test the reliability and validity of the reproducibility of 
the spectrophotometer scan and the Spectromatch digital colour system as a tool. This 
will be achieved by testing the colour scan-skin measurements, identifying the optimal 
silicone test sample thickness; and the software generated formulae for reproducing 
simulated skin silicone samples for the fabrication of maxillofacial prostheses. Phase 1 
results will facilitate Phase 2 of the study testing perceptibility and acceptability of colour 
difference thresholds in Delta E (∆E) values of the human eye for colour matching facial 
prostheses. Chapter Five will present a discussion of the study’s results relating this to 
other published research. Chapter Six presents the study’s conclusions identifying the 
implications for maxillofacial prosthetics practice such as the potential for advanced 
digital colour technology assisting and improving the colour matching process and its 
potential for better patient outcome. 
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Chapter 2 Literature Review 
2.1 Introduction 
The purpose of this review is to critically evaluate and synthesise the findings of the 
literature related to digital colour technology, in maxillofacial and dentofacial prosthetics 
reconstruction. This will provide a summary of the existing knowledge and evidence base 
for the utilisation of advanced digital colour technology in these fields of practice. It will 
also critically evaluate the evidence base for the scientific methods used to determine 
quality. Furthermore it will define the cut-offs (thresholds) for colour matching using 
digital colour technology, for maxillofacial prosthetics (Wisker, 2008, Andresen, 1997). 
The main aims of the review were to: 
1. Determine what is known about the current practice of colour matching facial 
prostheses. 
2. Evaluate the quality of the evidence base for digital colouring of maxillofacial 
prosthetics. 
2.1.1 Literature searching strategy 
The data collection process commenced with the application of the PICO method using 
the parameters as illustrated in Table 2.1. 
Table 2.1 Search planning - PICO method 
P Patient Maxillofacial trauma, facially disfigured, Head & Neck cancer. 
I Intervention Colouring maxillofacial prostheses. 
C Comparison Advanced digital technology - spectrophotometry. 
O Outcome Phase 1. Reliability and validity of digital colour technology. 
Phase 2. Visual colour perceptibility & acceptability markers 
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This facilitated the development of the literature review question and sub-questions: 
“What is the current evidence base for advanced digital colour technology for matching 
simulated silicone skin colour in maxillofacial prosthetics?” 
 What technologies are available for colour matching facial prostheses? 
 How is colour matched for facial medical elastomers? 
 
 How is colour assessed in maxillofacial prosthetics clinical practice? 
 How colorants influence the metamerism effect? 
 Can colorimetry and spectrometry quantify the colour of facial - skin tone? 
 How do humans perceive colour? 
 Colour models - can they objectively measure the skin colour appearance? 
 How is colour difference measured and applied in digitally maxillofacial 
prosthetics? 
From the above the available electronic healthcare databases, relevant to the medical 
field of reconstructive maxillofacial prosthetics and the application of advanced digital 
colour technology, were searched as demonstrated in Table 2.2. 
Table 2.2 Data bases searched 
 SCOPUS, a wide and more compressive search engine in medicine, medical, engineering and 
material sciences. 
 Evidence services - Library NHS evidence UK. 
 The Cumulative Index to Nursing and Allied Healthcare Literature (CINAHL) - for access to a wide 
range of international nursing and allied health literature. 
 MEDLINE- covering clinical medicine and biomedical research, including dentistry and healthcare 
delivery. 
 Cochrane Library - systematic reviews offering a critical overview of the phenomena explored. 
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The key words MESH terms of “advanced digital colour technology; maxillofacial 
prosthetics; colour matching: spectrophotometry” were used, and supported by further 
searches using: “reliability; validity; visual colour perceptibility; acceptability”. To enhance 
the search these key words had the principles of Boolean logic applied by 
operationalising AND/ OR and * (Aveyard, 2010). Finally inclusion criteria were set for 
the literature search as identified in table 2.3. The timescales for the review were greater 
than those recommended by Aveyard (2010) as there was limited literature exploring the 
concepts of colour matching in maxillofacial / dental prosthetics; hence studies dating 
back to 1970 were considered for inclusion. 
Table 2.3 Inclusion criteria for the review 
 Time frame: 01 January 1970 - to present. 
 Primary published research reports. 
 Main focus of paper. 
 Peer reviewed journals. 
 Explicit methodologies and outcomes. 
 English language and where translations were available into English language. 
 
A comprehensive search revealed few articles evaluating the perceptibility and 
acceptability of colour matching procedures in maxillofacial prosthetics (Johnston, 2009; 
Paravina et al., 2009; Seelaus et al., 2011); and one for limb prostheses ( Leow et. al., 
2006). A larger number of studies have investigated tooth colour perceptibility and 
acceptability in dentistry (Douglas & Brewer, 1998; Ishikawa-Nagai et al., 2009; Lindsey 
& Wee, 2007; Ragain & Johnston, 2000, Ruyter et al., 1987; Seghi et al., 1989). Further 
studies evaluated colorimeters and spectrophotometers, as a tool to capture the colour 
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of dental or facial structures, and compared this to conventional visual methods 
(Corciolani & Vichi, 2006; Gonzalo-Diaz et al., 2007; Khurana et al., 2007; Kim-Pusateri 
et al., 2009; Paul et al., 2002; Over et al., 1998). 
 
The remaining studies explored the utilisation of colorimetry and spectrophotometry from 
the perspective of colour matching dental tissues and facial colour in other clinical fields 
(Allen, 2010; Buzug et al., 2007; Chu et al., 2010; Johnston, 2009; Khurana  et al., 2007). 
 
The standard for the perceptibility and acceptability of small colour differences, was 
provided by industrial colour matchers from colorant, textiles, paint, and plastics 
industries (Melgosa et al., 1994; Kuehni & Marcus, 1979) In medicine, skin colour in a 
number of scientific, medical and industrial disciplines, computer graphics, cosmetics, 
and display industries were identified (Buzug et.al.; 2007). 
 
Other studies reported digital colour systems software; producing a marked improvement 
in colour reproduction for facial prosthetics (Hunter, 1987; Troppmann et al., 1996) using 
a colour formulation system and spectrophotometry for colour formulation, and the same 
system was used by Coward et al., (2008) and Seelaus et al., (2011). 
 
A further study by Koran et al., (1981) reported the only quantitative data for human skin 
(Whites, Blacks, and Orientals) using values of luminous reflectance. Human colour 
perception and visual acuity were described (Culpepper, 1970; Finger, 2013; Hecht, 
2002; Rudd, 2013; Russel et al., 2000; Sorensen et al., 1987; Williamson & Cummins, 
1983). The influence of, the lighting conditions at the time of shade taking reviewed 
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(Jarad et al., 2005; Mete et al., 2013; Watts et al., 2001); and the drawback regarding 
human fatigue of the eye described (Judeh et al., 2009). 
 
These studies were included as it was anticipated they would inform how advanced 
technology in the colour matching process is applied within the clinical settings of dental 
and cranio-maxillofacial practice. This would also evaluate digital technology for 
advancing maxillofacial clinical practice. 
 
The search strategy was reviewed and updated periodically during the four years of the 
research study to include any new studies. 
 
2.1.2 Findings of the review 
The selected articles were initially evaluated by applying the PRISMA model for 
evaluating systematic reviews and meta-analysis of studies for healthcare interventions 
(Liberati et al., 2009). This identified papers arising from the following topics: 
 
 Maxillofacial prosthetics and technology, and colour assessments in maxillofacial 
prosthetics 
 Laboratory and clinical studies in colour and medical elastomers for facial 
prostheses (silicone) 
 Studies in colour measurement, spectrophotometry and colorimetry 
 Colour perception and visual acuity 
 Colour perceptibility and acceptability in dentistry and cranio-maxillofacial 
structures 
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From the original one hundred and thirty eight articles eighty four were selected for the 
final stage of the critiquing process. Additionally, a critiquing framework modified from 
Critical Appraisal Skills Program [CASP] (Bradley & Burls, 1999) was selected to assist 
in the analysis of the content of the studies reviewed (see Appendix 1 - Table 1). This 
framework facilitated a structure for evaluating the literature, including the research 
approach, data collection methods and analysis, key findings and limitations. From this 
the following themes were identified: 
 Maxillofacial prosthetics and technology 
 Colour and facial medical elastomers 
 The process of colour assessment in maxillofacial prosthetics 
 How colourants determine metamerism / colour selection 
 Colorimetry and spectrophotometry in clinical and non-clinical fields 
 
2.2 Literature review themes 
Each theme will now be discussed in full. 
2.2.1 Maxillofacial prosthetics and technology  
Facial prostheses were limited in their usefulness due to technological limitations; i.e. 
means of retention (Ring, 1991). These limitations frequently placed facial prostheses as 
the last resort for the surgeons and the patient requiring rehabilitation (Conroy, 1993; 
Ring, 1991). However, the introduction of percutaneous osseointegration biotechnology, 
in head and neck reconstruction, has permanently revised this long held view (Wolfaardt 
et al., 2003b). Prior to the introduction of osseointegration (Brånemark et al.,1975), the 
primary limiting factor for facial prostheses lay in the methods of prosthesis retention. 
Consequently mechanical retention, using spectacle frames to support a nasal or 
auricular prosthesis, and the use of adhesives were the essential methods of retaining 
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facial prostheses. Currently the use of adhesives persists, but remains controversial (Del 
Valle et al., 1995; Parel, 1980). Mechanical and adhesive retention remains problematic 
as they do not provide specific positioning and retention may not be reliable and cannot 
be used on sensitive skin (Gehl et al., 1999). Hence these methods disadvantages 
outweigh those of implant retained prostheses. Historically Brånemark et als., (1975) 
proposed the concept of dental osseointegration, whereby a permanent percutaneous 
implant could be utilised to retain a dental prosthesis. Two years later, the first 
osseointegrated implants were inserted in the temporal bone for the purpose of 
connecting a percutaneous abutment to support a bone-conduction hearing processor 
(BAHA), and following that in 1979 the first implants were placed in the mastoid region to 
retain an auricular prosthesis (Tjellström, 1990). Since then, implant osseointegration 
has been employed in facial reconstruction with facial prostheses. This approach 
provides better retention of the prosthesis, so that the prosthesis is properly positioned 
and the patient can wear it more confidently (Thomas, 2006). 
 
The loss or absence of a facial structure due to acquired or congenital conditions may 
either be managed with a facial prosthesis, by autogenous reconstruction or a 
combination of the two approaches. The expansion of autogenous surgical techniques in 
facial reconstruction provides a remarkable diversity of options for hard and soft tissue 
reconstruction (Wolfaardt et al., 2003b). However, reconstruction of facial defects by 
autogenous means is not always possible because of the medical condition of the 
patient, may at times be undesirable or may need to be delayed (Wolfaardt et al., 
2003b). Therefore, facial prosthetic reconstruction becomes the treatment of choice in 
these situations. Consequently, it is important that clinicians undertaking facial 
reconstruction do not view autogenous reconstruction and osseointegration as 
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competing approaches, but rather as complementary (Wolfaardt et al., 2003b). The 
general principles surrounding the methods of constructing a facial prosthesis retained 
by extraoral osseointegrated implants is well described (Bergström, 1997 and 1998; 
Beumer et al., 1996; Wolfaardt et al., 2000); and more specifically, for the ear, orbit and 
nose (Beumer et al., 1996; Fehrencamp, 1997; Ferraz De Oliveira, 1998; Reisberg & 
Habakuk, 1998; Van Oort et al., 1994). 
 
There are several areas of development that are relevant to the future of extraoral 
osseointegration and its application to facial prosthetics. One important area is the 
understanding of how soft tissue attachment to the implant abutment may be promoted 
(Klein et al., 2000). This is largely because of the of the extra-oral endosseous 
craniofacial (EOEOCs) surgical approach, either through one or two stage surgery. In 
addition, advanced manufacturing technologies have become increasingly important to 
this field (Gehl, 1996; Eggbeer et al., 2007). Conventional prototyping, rapid prototyping 
and image data acquisition systems play an increasingly important role in treatment 
planning and facial prosthetic rehabilitation treatment (Aungh et al., 1995; Bush & 
Anthonyshyn, 1996; Chen et al., 1997; Coward et al., 2000; D’Urso et al., 1999). 
Although rapid prototyping technologies, stereolithography and fused deposition 
modelling are thought to be important they have only recently been implemented in facial 
prosthetic clinical practice (Nacher-Garcia & Kaur, 2009a,b). 
 
Technological advancement in improving the extraoral retained prosthesis is another 
area of related development. Fascinating challenges to the field are provided by robotics 
in the development of active prostheses. Both blinking eye movements (Honda et al., 
1996; Klein et al., 1999); and orbital prostheses (Granström et al., 1993) have been 
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considered. However, many of these and other areas of innovation remain under 
development, at the pre-clinical application stage, and therefore require evaluation. 
 
Colour matching of facial prosthetic elastomers to skin colour with portable 
spectrophotometry and computerised colour formulation have been developed with 
reported success (Seelaus et al., 2000; Troppmman et al., 1996). Although these studies 
have small sample sizes, and may therefore be considered as pilot studies, their 
methodological approaches were considered helpful for this researcher’s study. 
Consequently they helped to develop the process used for quantifying the colour 
matching of facial prostheses; this will be described in greater detail later in this chapter. 
 
2.2.2 Colour and facial medical elastomers 
The use of silicone elastomers for facial prostheses was first presented in 1960 by 
Barnhart (Barnhart, 1960). Since then, silicone elastomers have become the material of 
choice for maxillofacial prostheses because of the material’s clinical inertness, strength, 
durability, and ease of manipulation (Andres et al., 1992a,b). The primary goal of 
Maxillofacial Prosthetics is to restore the patient’s appearance, improve self-esteem, 
thereby helping the patient to lead as normal a life as possible. The most common 
reason for replacement of facial prostheses is degradation in appearance, because of 
changes in prosthesis colour and physical properties (Polyzois et al., 2000). Therefore, it 
is critical that the prosthesis is fabricated with optimal aesthetic and physical properties; 
and for maintain its appearance and properties over its service lifetime. 
 
Realistic colouration of extra-oral prostheses is an important feature for patient 
satisfaction and acceptability, where an accurate colour match is the final determinant in 
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creating an acceptable prosthesis (Goiato et al., 2009; Thomas, 2006). Cosmetic realism 
involves the correct application of colorant formulations within the base material before 
polymerisation (intrinsic) and after polymerisation (extrinsic). Additionally, the finished 
prosthesis requires subtle characterisation to mimic the colour and texture of skin tissues 
surrounding the defect site. Currently the greatest disadvantage of the flexible materials 
presently available is colour deterioration (Andres et al., 1992b). As Goiato et al., (2009) 
and Thomas, (2006) advocate prosthesis replacement or re-tinting is required every six 
to twelve months, with the normal period for patient reviewed is yearly. 
 
Several studies investigated the colour of maxillofacial silicone elastomers under 
different aging treatments, and used various opacifiers to produce colour stable 
prostheses (Bryant et al., 1994; Lemon et al., 1995; Hulterström & Ruyter, 1999). 
Artificial weathering was employed in investigating colour stability of maxillofacial 
materials (Lemon et al., 1995). During weathering, specimens were exposed to UV light 
from a Xenon light source of known irradiance, simulating the sunlight spectral source 
along with water spraying, humidity and temperature that affect maxillofacial prostheses 
while they are exposed to natural environmental factors (Bryant et al., 1994; Lemon et 
al., 1995; Hulterström & Ruyter, 1999). Some studies exposed specimens to natural 
outdoor weathering conditions for a specific time periods to predict colour stability 
(Sweeney et al., 1972; Craig et al., 1978; Koran et al., 1979; Lemon et al., 1995; 
Polyzois 1999; Gary et al., 2001). Furthermore human related factors like sebum and 
perspiration were artificially simulated, and their effect on colour stability was studied. 
The silicone specimens were aged for a period simulating 1.5 years of clinical service 
and showed minimal changes with respect to the properties studied (Polyzois et al., 
2000). This is important for both, patients and clinicians in understanding the effects that 
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these elements may have on the life time of a facial prosthesis and when these may 
need to be replaced. 
 
A further study by Haug et al., (1999) investigated the colour changes of six maxillofacial 
materials (Silastic 4-4210, Silastic 4-4515, Silastic Medical Adhesive, A-2186, A-102, 
and Epithane-3) after natural weathering for 6 months. Visually perceptible colour 
changes (∆E >1) were evident among all specimens, including specimens stored in the 
dark (Haug et al., 1999). This identifies the timeframe that prostheses may remain with 
good colour stability; approximately six to twelve months, indicating when will need to be 
re-made. 
 
Lemon et al., (1995) investigated the efficiency of incorporating UV light absorbers, 
within maxillofacial silicones (MDX 4-4210 and type ‘A’ medical adhesive), on the colour 
stability after artificial accelerated light-aging and exposure to natural outdoor weathering 
(Lemon et al., 1995). A further study investigated the colour stability, after artificial aging 
for 300 hours, of intrinsically pigmented (talc and nylon flock) MDX 4-4210 silicone 
surfaces treated with three commercially available UV radiation sunscreens (Sun 
Protective Factor SPF=15) (Bryant et al., 1994). The UV light absorber did not preclude 
colour changes, as artificial aging caused greater colour change than natural weathering, 
so incorporating UV light absorbers will not improve the colour stability of maxillofacial 
silicones. 
 
Beatty et al., (1995) investigated colour stability of pigmented and un-pigmented 
maxillofacial silicone elastomer (A-2186) after 400, 600 and 1800 hours of exposure to 
two types of UV light (315-400 and 290-314 nm). The dry pigments used were titanium 
53 
 
white, cadmium yellow medium, violet, cosmetic red and cosmetic yellow ochre. There 
were significant colour changes in the pigments, as well as the un-pigmented and 
pigmented elastomer, after aging in darkness and after artificial aging. 
 
In 1998, Gary and Smith, provided a thorough review of pigments used for maxillofacial 
prostheses (Gary & Smith, 1998; Haug et al., 1999), and conducted a series of studies 
on the colour stability and colorant effect on maxillofacial elastomers (Type ‘A’ Medical 
Adhesive, Silastic 4-4210, and A-2186) investigating the colorant effect on physical 
properties and outdoor weathering for 6 months. The physical properties of the 
maxillofacial elastomers were changed by incorporating colouring agents and were 
changed after 6 months of weathering. The majority of pigmented silicone elastomer 
specimens showed colour change (∆E<2). Both pigmented and non-pigmented 
specimens showed colour changes over time with, and without exposure to natural 
weathering. It was concluded that the colorants tended to protect the silicones from 
weathering, possibly by blocking light radiation to the elastomer (Haug et al., 1999). 
 
Polyzois (1999) investigated colour stability of three pigmented silicone elastomers 
(Ideal, Elastosil M3500 and Silskin) after exposure to natural outdoor weathering for one 
year, and indicated perceptible colour changes (∆E>2). The effect of accelerated artificial 
light-aging for different periods (24, 96, 168, 336, 504, 840, 1176, and 1512 hours) under 
a Xenon light source in dry and wet conditions was examined by Hulterström and Ruyter, 
(1999). The condensation-type polymers increased in opacity in an aqueous 
environment, while the addition-type polymers, as a group, showed the smallest colour 
change. Although the addition type polymers generally had higher filler content than the 
condensation types, they had a lower opacity; however the higher viscosity of the 
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condensation-type polymers may afford greater possibilities for intrinsically colouring 
prostheses. 
 
Beatty et al., (1999) investigated colour changes caused by ultraviolet radiation for a 
silicone mixture (70% Type ‘A’ adhesive and 30% A-2186 by weight) coloured with five 
oil pigments (titanium white, cadmium red, yellow ochre, cadmium yellow and mars 
violet), applied either as base colorants (intrinsic) or surface tints (extrinsic). Specimens 
were exposed to ultra violet radiation for 400, 600 and 1800 hours. Specimens 
containing oil pigments as base colorants demonstrated a wide range of susceptibility to 
ultraviolet radiation, with the greatest changes occurring for pigments cadmium red, 
cadmium yellow and yellow ochre (7.1 ≤ ∆E ≤ 9.4) (Beatty et al., 1999). However, 
specimens coated with the same oil pigments, as concentrated surface tints, 
demonstrated significantly lower colour shifting after 1800 hours of radiation exposure 
(∆E=4.2). Polyzois et al., (2000) investigated colour stability and physical properties of an 
addition RTC silicone elastomer (Episil) after storage in simulated acidic and alkaline 
skin secretions and sebum for six months (equivalent to 1.5 years clinical service) 
(Polyzois et al., 2000). In all cases, visually perceptible colour changes (∆E>2) were 
reported, whereby colour change can be visually perceived with time, and that some 
pigments and skin secretions may influence the colour stability of the prosthesis. 
 
Gary et al., (2001) reported different colour change values when specimens of a silicone 
elastomer pigmented with three pigments (Burnt sienna, Hansa yellow and Alizarin red) 
were exposed to natural weathering of two different sites, Arizona and Florida. Mean 
colour changes that occurred in Arizona were larger than those in Florida suggesting that 
colour change in facial prostheses may deteriorate more rapidly when exposed under a 
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dry climatic environment. Specifically, these differences ranged from 0.4 ∆E (alizarin red 
groups) to 2.36 ∆E units for the 2 unpigmented control groups; and other differences 
showed significance for the unpigmented, burnt sienna and hansa yellow groups (Gary 
et al., 2001). 
 
Kiat-amnuay et al., (2009) investigated the effect of different ratios of opacifiers on the 
colour stability of pigmented silicone maxillofacial elastomer (A-2186) before and after 
artificial aging with different exposure energies (150, 300 and 450 kJ/m2) (Kiat-Amnuay 
et al., 2009). They reported that mixing dry earth cosmetic pigments with opacifiers did 
not protect silicone from colour degradation over time, especially in the case of red 
pigments. The group in which pigments were mixed with 10% Artskin white had the 
smallest colour changes over time, followed by, the groups in which pigments were 
mixed with 10% dry pigment titanium white, 10% kaolin powder calcined, and 5% 
Georgia kaolin. Red pigment had a significant effect on all opacifiers, especially Georgia 
kaolin and kaolin powder calcined. Yellow ochre and burnt sienna had an effect only on 
15% kaolin powder calcined. Among all the pigment groups tested, yellow ochre 
remained the most colour stable over time. Yellow ochre mixed with all opacifiers at all 
intervals increased Delta E (∆E) values significantly form 0.7-2.1(∆E) up to 3.8-10.3(∆E). 
Concluding that the type and quantity of pigment incorporated in the formulae recipe to 
produce a facial prosthesis has an effect in colour stability over time. 
 
Tran et al., (2004) indicated that the use of additives of ultra-light absorber (UVA) and 
hindered amine light stabilizer (HALS) decreased colour changes significantly in burnt 
sienna and hansa yellow pigmented silicone specimens (A-2186) exposed to natural 
weathering in the Phoenix site and in the control and hansa yellow in the Miami site 
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(Tran et al., 2004). However, additives did not affect the colour change in alizarin red 
pigmented silicone specimens, thereby indicating that not all pigmented colours are 
affected by sun exposure. 
 
Kiat-amnuay et al., (2005) indicated that exposure to microwave energy for 12 months 
induced perceptible colour changes in red dry earth pigmented A-2186 silicone 
elastomer in comparison to yellow, burnt sienna and opacified A-2186 (Kiat-Amnuay et 
al., 2005). Reflectance values were measured with a spectrophotometer and it was 
reported that the trained human eye can detect colour changes greater than 1.0 (∆E); 
yellow and sienna groups remain the most stable over time with Delta E (∆E) values 
below 0.35. Furthermore, interactions of oil pigments and dry earth opacifiers at 5%, 
10% and 15% concentrations (by volume) protected the MDX4-4210/type “A” silicone 
elastomer from colour degradation over time. Dry pigment Ti white remained the most 
colour stable over time, followed by the pigments mixed with kaolin powder calcined, 
Georgia kaolin, Artskin white and Ti white artists’ oil colour (Kiat-Amnuay, et al., 2005). 
 
Goiato et al., (2009) showed that storage time and disinfection type influenced colour 
stability of maxillofacial silicone elastomers (MDX 4-4210 and Silastic 732). Disinfection 
with ‘Efferdent’ did not statistically influence the mean colour values, and Silastic silicone 
elastomer showed lower colour changes in comparison to MDX 4-4210. Recently, Kiat-
amnuay et al., (2009) reported that silicone pigments (red, yellow and burnt sienna) 
mixed with 10% and 15% Artskin white and titanium white dry pigment opacifiers 
protected silicone A-2000 from colour degradation over time (Kiat-amnuay et al., 2009). 
Furthermore, yellow silicone pigment significantly affected colour stability of all opacifiers 
especially silicone pigment white and calcined kaolin. Mancuso et al., (2009) compared 
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visually the colour stability of non-pigmented and pigmented facial silicones (MDX 4-
4210 and Silastic 732) after accelerated aging for 163, 351, 692 and 1000 hours 
(Mancuso et al., 2009). They indicated that all groups presented colour stability, and that 
aging duration negatively influenced colour stability. 
 
Generally, a wide variety of testing methods and conditions were used to examine the 
colour stability of maxillofacial materials, making it difficult to compare one study with 
another. Although these studies are useful for future pigment selection and the 
development of computerised colour formulation the majority of the papers evaluated 
colour changes in accordance with the CIE 1976 L*a*b* colour difference equation 
(ASTM D2244). All studies agreed that visually detectable colour changes occur within 
silicone materials regardless of the environmental conditions. Therefore, colour stability 
remains a drawback regarding the lifespan of facial prostheses and the need for creating 
replacements. Hence from a resource and cost perspective there is a need to explore 
and evaluate advanced digital colour technology to determine if the pigment / colourants 
loading using this technology may bring better long term colour stability within the 
prosthesis thereby improving patient outcomes and cost effectiveness. 
 
The reproducibility and applicability for pigment dosing of a commercial available 
Performus™ II Type EFD® dispenser were tested by Blokland et al., (2013). This study 
evaluated the efficiency of dosing pigments for colour matching procedure in 
maxillofacial prosthetics. The reproductions of four skin batches compared to the original 
batches, a ∆E 2000 colour difference of 3-7 ∆E units were measured. Evaluating ten 
reproductions of one skin coloured batch made with the dispenser, colour difference ∆E 
2000 values compared to the average L*a*b* values, were less than 2, whereby no 
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visual colour differences could be estimated and low colour differences could be 
measured with the CTM, which indicates no visually observable consequences. This is a 
useful tool to control pigment loading in the conventional colour formulation prosthetics 
process; therefore, it could be incorporated in the digital system to assist in the pigments 
weighting task. 
 
The scientific literature shows that the definitive colour match of facial prostheses to 
adjacent natural skin remains problematic because no manufactured standard visual 
shade guides are available. Ma et al., (1998) attempted to fabricate a shade-guide of 
pre-formulated colorants for colour matching facial prosthesis, aiming to provide a better 
shade match and to minimise the need for extrinsic characterisation after processing. 
This utilised processed silicone samples with different surface textures and thicknesses. 
Rectangular wedge-shaped wax specimens 1 inch long by 1/4 inch wide, and 1/4 inch 
thick at one end tapering to a knife edge were produced with two different surface 
textures, one side smooth and the opposite side evenly divided along its length into three 
different areas with light, medium, and heavy stippling. Results identified that 
conventional technique (artistic) for processing facial prosthetic materials were time 
consuming, which may preclude the possibility of “chair side” shade verification before 
the processing stage. Furthermore the colour difference between the final prosthesis and 
the coloured mixture before conventional processing was affected by air bubbles which 
altering the translucency of the sample. Additionally the thickness of the mixture changed 
its opacity, thus highlighting the importance of sample thickness when colour matching 
facial prostheses. Moreover the background colour of the container and the difference in 
surface texture between the glossy coloured mixture and the stippled final prosthesis 
similarly affected the perceived colour. 
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Guttal et al., (2008) attempted to develop a simplified silicone shade guide for Indian 
patients, based on three subjects with similarly inconclusive results. Bicchierini et al., 
(2005) undertook a colorimetric analysis of silicone cosmetic prostheses for upper-limb 
amputees and reported that the OTTO Bock Healthcare colour atlas (OTTO Bock 
Healthcare colour atlas, Duderstadt, Germany, 2009) has become the standard for 
colour detection in the field of limb replacement. However, achieving the appropriate 
translucency with silicone elastomers remains a critical component in colour matching for 
facial prostheses and requires further scientific investigation (Gonzalo-Diaz et al., 2007; 
Johnston et al., 1995). 
 
A study by Gonzalo-Diaz et al., (2007) determined the colour of vital craniofacial 
structures and evaluate the validity and test-retest of a spectroradiometer of 120 subjects 
measurements, and reported that spectral reflectance of craniofacial structures can be 
measured with acceptable validity and test-retest reliability using a non-contacting 45/0 
degree optical configuration. For validity, the mean colour difference and linear 
regression for Commission Internationale l’Eclairage (CIE) LAB between measure and 
certified colour of 22 opaque colours patched were ∆E of 1.46 and 0.99 for all 
regressions. For test re-test reliability, a random sample of 12 (10 %) subjects was 
measured. using the L*a*b* values for 6 craniofacial structures. However, the report is 
based on colorimetry measurements and the results cannot be compared directly to 
spectrophotometry studies. 
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2.2.3 The process of colour assessment in maxillofacial prosthetics 
Numerous optical factors dictate the colour matching process in Maxillofacial Prosthetics 
and this makes the relationship between colouration and the resulting colour difficult to 
attain. The light source, the operators and the observed objects can affect the success of 
the colour matching process (Carrol & Carrol, 2009; Johnston, 2009; Paravina, 2009; 
Paravina et al., 2009) because these factors affect the experience of colour. The colour 
interpreted by the human brain results from the eye detecting light that is reflected and 
transmitted from the coloured objects (Hecht, 2002; Williamson & Cummins, 1983). The 
electromagnetic spectrum covers a broad range of wavelengths including the visible 
spectrum, radio waves, X-rays, ultra violet and infra-red radiation. Our eyes are sensitive 
to only a small portion of what we call light (Hecht, 2002; Williamson & Cummins, 1983). 
When light is passed through a prism a coloured pattern is created that looks like a 
rainbow and is referred to as spectrum. The visible light with the longest wavelength is 
red and the shorter wavelength is violet in hue. Light can be described by its relative 
power at individual wavelengths measured in nanometres (nm) (Carrol & Carrol, 2009 
Hecht, 2002; Williamson & Cummins, 1983).  
 
The visible spectrum spans wavelengths between 380 and 780 nm. Carrol & Carrol 
(2009) explained that in order to accurately describe or predict colour, we must look at 
how each element is defined across the entire visible spectrum. The relative power of a 
light source, the spectral reflectance from an object and the relative sensitivity of the 
human eye can all be assessed across the visible spectrum (Fig. 2.1). This is particularly 
important in the process of colour assessment and clinical practice of Maxillofacial 
Prosthetics as these various elements will influence the outcome of colour matching 
facial prostheses and patients satisfaction. 
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Figure 2.1 The entire visible spectrum; light is shown as relative power; the object is 
shown as spectral reflectance and the observer as relative sensitivity. (Author consented to 
pictures; Carrol & Carrol, 2009). 
 
 
 
An additional aspect to consider is how our eyes respond to light. Light enters our eyes 
and is focused onto the retina at the back of the eyeball. There light receptors absorb 
some of the incoming light and create a signal that is interpreted by the brain. There are 
two sets of receptors, rods and cones. For the purpose of colour perception, it is limited 
to the cones (Byrne & Hilbert, 1997). Our sensation of colour is a result of having three 
types of cone receptors responding to short, medium and long wavelengths of light 
(Carrol & Carrol, 2009). The brain simplifies the response to light stimuli by aggregating 
62 
 
the light at each wavelength across the entire visible spectrum. Thus each type of cone 
receptor will reduce a large amount of information to a single signal. We do this for each 
type of cone and the result is that our sensation of colour is reduced to just three signals; 
this is called trichromacy (Carrol & Carrol, 2009). Furthermore, when two illuminated 
surfaces produce the same signal response in our visual system the two surfaces will be 
perceived as being the same colour. As the incoming light is condensed to three signals, 
it is possible for us to perceive the same colour from very different spectral inputs. As 
discussed earlier, this leads to the occurrence of the single most important aspect of skin 
colour matching “metamerism” (Carrol & Carrol, 2009). 
 
Metamerism is the phenomenon in which spectrally different stimuli match to a given 
observer (Fig. 2.2). The fact that stimuli do not have to have identical spectral properties 
in order to match in colour makes it possible to reproduce colours without using identical 
materials.  
 
It is important to understand that without metamerism, silicone prosthesis could never 
match a patient’s skin colour. Another example of metamerism usefulness is in colour 
television, where three colour lights are used to represent the entire world on a screen. 
However, metamerism can also be a challenge when we observe the effect of two 
coloured samples matching in one situation but not in another (Byrne & Hilbert, 1997; 
Carrol & Carrol, 2009; Hunter, 1987).It is also important to know that there are several 
forms of metamerism, the two that are most problematic for skin matching in silicone 
prosthetics are the illuminant metamerism and observer metamerism. This will be 
explained in detail below. 
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Figure 2.2 Metamerism means objects with very different spectral characteristics 
produce the same cone response and thus the same colour. (Author consented to pictures; 
Carrol & Carrol, 2009). 
 
 
 
Maxillofacial Prosthetists will experience illuminant metamerism, where two coloured 
samples can appear a good colour match in the clinic room under fluorescent light, but 
when viewed outside, the colour samples do not appear to match in colour. This effect is 
called illuminant metamerism (Fig. 2.3). 
 
Figure 2.3 Illuminant metamerism, the same coloured objects as figure 2.3 which would 
produce a match under daylight illumination; when viewed under a different light source 
such as a tungsten bulb the colours would appear to mismatch. (Author consented to pictures; 
Carrol & Carrol, 2009). 
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On the other hand, observer metamerism is when there is a significant range of colour 
vision amongst different people, who are all considered to have normal colour vision. 
Carrol & Carrol (2009) explained that observer metamerism, or variations in an 
individual’s colour vision, can be affected by a number of factors, including their 
emotional state, health and age. Hence variations in cone sensitivities of different people 
exist, which may be problematic when a clinician and a patient have divergent cone 
sensitivities when evaluating prosthesis colour match (Carrol & Carrol, 2009). As a 
consequence this may suggest that the present trial and error methods to for colour 
matching maxillofacial prostheses is subjective method and objective, scientific colour 
match methods are required. 
 
Chromatic adaptation is an extraordinary quality of our colour vision (Hunter, 1987). 
Under everyday conditions, the colour appearance of certain objects appears more or 
less the same when illuminated by different light sources (Carrol & Carrol, 2009). White 
paper, for example, always looks white, irrespective of the light source due to our visual 
system compensating for differing illumination through the process of chromatic 
adaptation. Colour constancy and metamerism are closely linked with metamerism 
concerns a pair of colour samples, while colour constancy is a property of a single colour 
sample (Carrol & Carrol, 2009; Hunter, 1987; Troppmann et al., 1996). Chromatic 
adaptation, allows normal colour samples to look similar when viewed under different 
illumination. However some colour samples appear different in differing lighting 
conditions and these are said to be of low colour constancy. An example of colour 
constancy is when an item of clothing purchased in the shop as green looks brown when 
we go outside. Each colour sample in a metameric pair can be considered to have a 
different measure of colour constancy. 
65 
 
Colours are familiarly identified with names such as red, yellow, green and blue. 
However, within “red” there can be a considerable range of colours that any one person 
might accept as being “red”. These variations in perception can lead to misinterpretations 
concerning colour difference. The human visual system is well known for being very 
good at detecting if colour samples match up, but it is relatively poor at estimating the 
degree and direction of mismatch (Carrol & Carrol, 2009 Hunter, 1987). This is a 
disadvantage in Maxillofacial Prosthetics colour matching procedures because this can 
result in the Maxillofacial Prosthetists tending to describe the difference between skin 
and the coloured silicone in terms of the effects their particular colourants might have 
when added to the silicone mix (Paravina et al., 2009; Seelaus et al., 2011). 
 
Due to this limitation in the human visual system, it is difficult for the Maxillofacial 
Prosthetist to be able to discern in what way the target skin colour is different from the 
coloured silicone (Carrol & Carrol, 2009; Hunter, 1987; Johnston, 2009; Paravina et al., 
2009; Seelaus et al., 2011). A practical approach is to divide the coloured silicone that 
into three or four batches, and to add a single colorant different to that being used to 
each part of the divided coloured silicone. This helps estimating which of the new 
coloured silicone samples is closest to the target skin colour, which is a much easier 
task. In the existing practice of trial and error method for colour matching facial 
prostheses, the coloured silicone should be placed on or next to the target skin colour. 
Any gap between the silicone and skin will decrease the precision of assessing colour 
difference i.e. the background colour should ideally be similar to the colours being 
assessed. It is also common to have a light mid tone grey background i.e. clinical 
rooms/walls painted in grey, as this helps minimise any distracting contrasts which may 
affect the task of assessing colour differences (Carrol & Carrol, 2009; Hunter, 1987). 
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However, this is impractical, imprecise and an unscientific way to colour match facial 
prostheses. 
 
As highlighted previously, the personal experience of colour depends on the light source, 
the object and the observer. The general principles of lighting and its source are 
important considerations in colour matching (Huber & Studer, 2002; Johnston, 2009; 
Paravina et al., 2009). When considering which light sources to use for patient colour 
matching general principles apply, such as the type and level of illumination should 
exactly mimic that under which the prosthesis will be viewed. 
 
The way light source affects metamerism is most relevant to Maxillofacial Prosthetics 
clinical practice; and the importance of careful selection of light sources when colour 
matching has been discussed in the previous sections on trichromacy and metamerism 
(Carrol & Carrol, 2009; Hunter, 1987; Troppmann et al., 1996). Each light source can be 
described by measuring the relative power at each wavelength of the visible spectrum. 
The amount of relative power at a specific wavelength will have the effect of either 
enhancing or reducing the mismatch between the spectral reflectance of the target skin 
colour and coloured silicone. When the relative power of one light source is different from 
another it makes the visual system more or less sensitive to different areas of the visible 
spectrum or its ability to identify spectral mismatch differences. Carrol & Carrol (2009) 
affirm that a common misconception is that a colour match performed under a carefully 
selected single light sources (usually daylight or daylight simulation) will match under all 
other light sources. This will only produce a match that is conditional to that light source, 
and will not reduce metamerism (Carrol & Carrol, 2009). Hence, it is important to assess 
the quality of a light source during the colour matching process in facial prosthetics by 
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being aware of the light selected in the clinical room and what instruments are available 
to improve this procedure, i.e. digital colour technology systems. 
 
There are a large variety of light sources currently available (Carrol & Carrol, 2009). 
Viewing our colour match under a variety of lighting sources would clearly be impractical 
or impossible in routine clinical practice. Understanding colour temperature, colour 
rendering index and spectral power distribution may provide guidance as how to select 
best light source as light source will influence the process of colour matching. 
 
The colour temperature of a light source is usually expressed in Kelvins (K) (the colour 
reference objects glow when heated), which is useful for indicating the colour of a light 
source, for example, 2500 K is orange whilst 7500 K is blue (Carrol & Carrol, 2009). 
Colour Rendering Index (CRI) is a measure of the effect of an illuminant on the colour 
appearance of objects by conscious or subconscious comparison with their colour 
appearance under a reference illuminant. Generally, a high CRI is desirable; however, it 
is important to note that only lamps with a colour temperature of more than 5000 K can 
be compared to daylight. Hence we see tungsten bulbs with very high CRI which may 
not mean that it would be a good light source for colour matching. Furthermore the 
colour-rendering indices of fluorescent lighting vary greatly. Spectral Power Distribution 
(SPD) is a more accurate measure of a light source and describes the light source in 
terms of the relative power distribution at each wavelength. Both a lamp’s colour 
temperature and CRI are determined from measurement of the lamp’s SPD, which is the 
only measurement that can actually show us, for example, how close a ‘daylight’ lamp is 
to real daylight as defined across the entire visible spectrum. 
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Working with different light sources may affect the outcome of colour matching facial 
prostheses (Carrol & Carrol, 2009). In order to achieve as low metameric match as 
possible, a set of standardised light sources in which to assess the colour match is 
required. It is recommended that a daylight simulator, a tungsten bulb to simulate the 
home environment, and at least one fluorescent tube, simulating the office or 
supermarket environment, be used (Carrol & Carrol, 2009). Matching the colour under 
two or more light sources is the only way for the clinician or prosthetist, to establish the 
degree of metamerism between the prosthesis and patient, without instrumental 
measurement (Leow et al., 1999). Although this is impractical in routine clinical practice, 
it is advisable that the patient is asked which light source is most important to them and 
where they are most conscious of being noticed. This provides further support for a more 
reliable and scientific method to colour match facial prostheses so as to improve clinical 
practice. 
 
Additionally Bicchierini et al., (2005) identified that as soon as the light meets the silicone 
surface, a small amount of the light is reflected away largely unchanged, consequently 
there is no interaction with the colourants within the silicone (Huber & Studer, 2002; 
Johnston, 2009; Paravina et al., 2009). The remaining light is refracted upon entering the 
silicone. Some of this light is absorbed by the colourants, while some are scattered and 
then reflected out. These processes are called refraction, absorption, scattering and 
reflection and they determine how much light resurfaces from the coloured silicone (Fig. 
2.4) (Carrol & Carrol, 2009; Huber & Studer; 2002; Johnston, 2009). The combination of 
the reflected light from the surface and the refracted light released from within the 
material provides the stimuli for the colour that is eventually perceived by the human eye. 
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Figure 2.4 Absorption, reflection and absorption of light. 
 
 
Surface texture adds complexity to the colour matching of facial prostheses. To achieve 
a successful colour match the silicone sample must be representative of the final 
material, the surface texture of wet silicone differs to that of the final cured silicone of the 
prosthesis (Carrol & Carrol, 2009). The wet silicone is highly glossy, whilst the final 
prosthesis has a matt finish, similar to real skin; which further highlights the complexity of 
colour matching by the trial and error method. Colour variance occurs as a result of what 
happens to the direction of light that is reflected from these surfaces. For the smooth wet 
silicone, the reflected light is directional, meaning that light is reflected at an equal but 
opposite direction from the light source (Fig. 2.5). The cured matt silicone reflects light in 
a diffuse manner that is in many different directions (Carrol & Carrol, 2009). 
Figure 2.5 How surface texture affects the direction of reflected light. 
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Due to the fact that surface texture also affects colour appearance, Maxillofacial 
Prosthetists often tend to angle our viewing in such a way as to avoid the reflected 
directional light when viewing wet silicone (Thomas, 1994 and 2006). As the amount of 
reflected light does not change with a glossy surface, this makes the wet silicone appear 
darker, than the matt cured silicone. We cannot avoid the diffuse reflected light on the 
cured silicone, thus making cured silicone appear lighter than the wet silicone (Fig. 2.6) 
(Carrol & Carrol, 2009). This optical effect results in the cured prosthesis always looking 
lighter than its wet counterpart; this is another element difficult to control during the 
colour matching process of facial prostheses. 
Figure 2.6 Three typical skin tones in cured silicone and the effect that surface texture 
has on the direction of light, a) the top half is smooth and glossy, and b) the bottom half 
has a rougher matt finish. (Author consented to pictures; Carrol & Carrol, 2009). 
 
 
The visual assessment of the colouration process is usually done by placing a small 
amount of the coloured silicone into a clear polythene sheet, that is folded over and 
place against the patient’s skin. However, to reduce the effect of changes in surface 
texture, the clear polythene sheet can be modified by simply rubbing the polythene sheet 
lightly with very fine sandpaper, thus better representing the colour of the final cured 
silicone when viewed wet, again this is not a scientific process and may further support 
the need to explore advanced digital colour technology for prosthesis colour matching. It 
is also important for colour assessors to have good colour vision. The Farnsworth-
Munsell 100 Hue test - X-rite colour blindness kit (X-rite Worldwide IT Ltd. T/A D G 
a 
b 
a 
b 
a 
b 
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Colour, Warminster, Wiltshire, UK). The FM 100 Hue Test is able to test and show if a 
person or a possible colour assessor has low, average or superior ability to discriminate 
colour. The FM 100 Hue Test reveals if the person has normal colour vision, it 
demonstrates how well a human discriminate different colours and indicates if the person 
has a colour vision defect, and also identifies where his or hers colour confusion lies. It 
assists in determine if a person has low, average or superior colour discrimination. 
Consequently it is essential that, when performing colour assessments in research 
colour sciences, colour assessors are tested for colour acuity. Hence testing 
Maxillofacial Prosthetist or professionals that work in the colour assessment industry 
should be a requirement. 
 
The pattern of colour defectiveness is identified by bi-polarity, a clustering of maximum 
errors in two regions which are nearly, opposite. The regions where the errors are made 
can be used to identify the type of colour defectiveness (Fig. 2.7). 
Examples of colour defect classifications are: 
 Protans - are weak in red colon discrimination. 
 Deutans - are weak in green colour discrimination. 
 Tritans - are weak in blue colour discrimination. 
Figure 2.7 Colour defectiveness identify by bi-polarity; a) Protans, b) Deutans, and c) 
Tritans. 
 
  
a b c 
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This is another element to consider as the human eye may perceive a good or poor 
colour match in facial prostheses, depending upon the individuals’ visual colour acuity. 
 
2.2.3.1 How colourants determine metamerism 
Spectral reflectance of the coloured silicone is dependent on the colourants present. The 
perceived colour of prostheses, or in fact any colour, is the result of the visual system 
aggregating the collective light energy of each wavelength across the visible spectrum. 
As shown previously in Figure 2.5, the light that leaves the layer is the result of how the 
incoming light has been absorbed or scattered by the colourants within the layer (Carrol 
& Carrol, 2009). Each colourant absorbs and scatters light differently, hence every 
combination of colourants will have its own spectral reflectance resulting from how each 
colourant absorbs or scatters the light. 
 
As described earlier, with metamerism, two colours can match under a specified 
illumination and observer even when they are not spectral matches. As a general 
principal, whenever different colourants are used to make the target colour (skin), some 
metamerism is to be expected. Therefore, the only way to limit the metamerism is 
through the choice of colourants used or spectrophotometry colour measurements and 
processing facial prostheses with digital colour technology, as this can be calculated 
digitally by the skin reflectance curve. 
 
2.2.3.2 Colourant selection 
The choice of colourants used will produce the single biggest impact on the perceived 
level of metamerism between the patient’s skin and the prosthesis. The only way to 
eliminate metamerism is to produce a colour match that is also a spectral match (Carrol 
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& Carrol, 2009; Hunter, 1987; Johnston, 2009; Troppmann et al., 1996). This can only be 
achieved by using the exact same colourants to produce the prostheses as are present 
in real skin, clearly this is impossible with the trial and error method of colour matching 
facial prostheses. Historically, the choice of colourants used in the manufacture of 
silicone prostheses has, to a large extent, been passed down from one generation to the 
next (Huber & Studer, 2002; Hunter, 1987; Johnston, 2009; Paravina et al., 2009; 
Troppmann et al., 1996); whilst an excellent system in many ways, it does not stand up 
to scientific scrutiny. 
 
An experienced Maxillofacial Prosthetist may achieve a low metameric match and an 
accurate colour match under any one illuminant by eye with ease (Carrol & Carrol, 2009; 
Thomas, 1994). However, the Maxillofacial Prosthetist would then have to assess the 
same sample colour under different light sources, and would notice an unacceptable 
mismatch. Attempts to correct the colour for the second illuminant will inevitably make it 
worse for the first illuminant. At this point, the process has to be repeated again by using 
a different combination of colourants to see whether a better match under both lighting 
conditions is achievable (Carrol & Carrol, 2009; Troppmann et al., 1996). This can be 
further complicated when more than two light sources are used. In addition, some 
colourants often produce better results than others, and different skin types may require 
completely different combinations of colourants. Although an experienced prosthetist 
may have the skills as to the best colourants to use, the method is generally one of trial 
and error, which is time-consuming and wasteful for the NHS. This is clearly an 
impractical situation and may be frustrating for prosthetists and patients alike, which 
further supports the need to investigate and invest in digital colour technology for clinical 
practice. 
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Instrumental measurement and digital techniques can potentially simplify and speed up 
the selection process. The Spectromatch digital colour matching system Spectromatch 
Ltd., (2009) includes the spectrophotometer- the tool for measuring the patient’s skin; the 
software - designed to compute the skin spectral data from the patient colour skin 
measurements’ with the spectrophotometer; and the engine - for formulating a colour 
recipe from its colour palette range; the recipe - weighed by a connected digital balance 
that processes the skin colour silicone recipe. This system may model each colourant’s 
absorption and scattering properties as well as the strength of each colourant. This data 
enables the software to predict the spectral reflectance for any and every combination of 
colourants. In order to find the best colourant recipe, the software uses every available 
combination of colourant to mathematically match the measured spectral reflectance of 
skin (Carrol & Carrol, 2009) 
 
Using trichromatic theory, it can be calculated how well each combination of colourants 
matches the target skin colour under several different lighting conditions, and amongst 
different observers. Having a digital colour matching system with a database of hundreds 
of measured skin tones, may improve colour matching techniques enabling the selection 
of base shades that produce accurate starting points for any skin tone. Therefore, using 
a recipe prediction engine to formulate colour blend base shade by an advanced digital 
system, e.g. the Spectromatch system (Spectromatch Ltd., 2009) may address the need 
for an objective colour matching process whereby the optical properties of real skin are 
mimicked. This may maintain the colour match when viewed under different lighting 
conditions and by different observers, thus greatly reducing metamerism. 
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2.2.4 Colorimetry and spectrophotometry in clinical and non-clinical fields 
Colour is the visual perceptual property of the reflected light from an object within the 
range of the visible light spectrum (380 - 780 nm) that can be detected by a human eye, 
and it is directly related to the reflective property of a material (Fig. 2.8). 
 
Figure 2.8. Continuous optical spectrum rendered into the sRGB colour. 
 
 
 
The optical properties of skin has attracted attention from a number of scientific, medical 
and industrial disciplines, such as medical imaging (DICOM), computer graphics, 
cosmetics, and display industries (Buzug et.al.; 2007). In medicine, skin colour has 
attracted particular interest in relation to the diagnosis of skin lesions, microvascular 
surgery or plastic surgery, and soft tissue prostheses that restore the function and 
appearance of missing biological structures of the maxillofacial, craniofacial and head 
and neck regions as a result of cancer, birth deformities and trauma (Buzug et al., 2007; 
Paravina et al., 2009). 
 
There are numerous optical factors dictating the colour matching process as described 
earlier, this makes the relationship between colouration and the resulting colour a 
complex procedure. In addition, the various elements, such as colour perception, light 
source, prosthetist and observed objects, can affect the success of the colour matching 
process (Johnston, 2009; Paravina et al., 2009). The optical properties of silicone 
materials will certainly affect the appearance of the final prosthesis. Colour is what we 
see as a physical experience in the mind of an observer as a result of the brain’s 
interpretation of the stimuli received by the eye. The sensation of colour in the human 
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brain results from our eye detecting light that is reflected and transmitted from the 
coloured object. The light source under which the object is viewed, the colourants in the 
object and the observer will all affect the colour. Consequently, a change in the light 
source, object or observer will result in a change in colour (Johnston, 2009; Paravina et 
al., 2009). 
 
Understanding the science of colour is critical, as it helps to understand how it affects the 
colour matching process for the facial prostheses. Colorimetry is the science and 
technology used to quantify and describe physically the human colour perception. While 
having similarity to spectrophotometry, colorimetry is distinguished by its interest in 
reducing spectra to the physical correlates of colour perception, most often to the CIE 
1931 X, Y, Z colour space tristimulus values and related quantities (Sharma, 2002). 
Colorimeters measure the tristimulus values of light and filters light into red, blue, and 
green (Chu et al., 2010). 
 
On the other hand, spectrophotometry quantitatively measures the reflection or 
transmission properties of a material as a function of wavelengths (Allen, 2010; 
Johnston, 2009). It involves the use of a spectrophotometer (photometer), a device for 
measuring the light intensity as a function of the light source wavelength (Allen, 2010; 
Johnston, 2009). Spectrophotometers are widely used in the clinical setting of 
odontology to capture the colour of dental structures (Khurana  et al., 2007); and one of 
the most accurate colour matching instruments (Paul et al., 2004) that are used in clinical 
application at present. It has been recorded that the spectrophotometers can have an 
improved accuracy of 33% compared to conventional visual methods (Paul et al., 2002). 
They work on the basis of emitting a source of optical radiation, and then, measuring the 
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reflection of wavelengths of light on a specific object (Khurana et al., 2007). On detection 
of the wavelengths, the spectrophotometer converts them to a code that can be 
analysed. Colorimeters measure the tristimulus values of light and does not measure 
colour via spectral reflection, therefore, considered less accurate then the 
spectrophotometers (Kim-Pusateri et al., 2009). However, both can be useful in assisting 
colour matching process in dentistry and facial reconstruction. 
 
Colorimetry and spectrophotometry technologies have been used in other industries to 
quantify colour by recording tristimulus and spectral data of reflected light, for example, 
photography, printing presswork, cosmetics and paint industry. However, “colour 
tolerance” in presswork - CIELab and DeltaE remains unclear, unlike most other 
manufacturing processes. Printing does not have a clear and objective way of 
determining whether its output meets customers’ requirements for consistency and 
acceptability, therefore this remains an issue requiring the development of further 
scientific enquiry and approaches (Melgosa et al., 1994; McDonald et al., 1997). The 
standard for the perceptibility and acceptability of small colour differences has been 
provided by industrial colour matchers from colorant, textiles, paint, and plastics 
industries (Kuehni & Marcus, 1979). 
 
Colorimetry uses tristimulus values to define colour in three-dimensional (3D) colour 
space; additionally spectrophotometry can define a colour based on either tristimulus or 
spectral data (Hunter, 1987). Spectrophotometry produces a spectral curve of light 
reflectance in the visible light spectrum of 400-700 nm, and this is necessary to perform 
computerised colour formulation, for example two blue spectral curves (Fig. 2.9). 
 
78 
 
Figure 2.9 Two blue spectral curves, wavelength (nm) 
 
 
 
2.2.5 Human colour perception 
Colour perception by human observers involves the spectrum of visible light entering the 
eye and stimulating the three types of colour receptors in the eye’s retina, which in turn is 
communicated to the brain via the optic nerve. Given the three types of colour receptors 
in the eye, it is most common to specify the colour an observer would detect with three 
colour parameters (Hecht, 2002; Williamson & Cummins, 1983). Munsell was the first to 
separate into the perceptually uniform and independent dimensions of hue, value and 
chroma, and to systematically, illustrate the colours in three-dimensional space (Kuehni, 
2002) (Fig. 2.10). 
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Figure 2.10 Munsell Colour System (reproduced from Kuehni (2002). 
 
 
The Munsell colour system, created in the first decade of the 20th century, is a colour 
space that specifies colours bases on three colour dimensions: hue, value (lightness), 
and chroma (colour purity). The system is based on rigorous measurements of human 
subjects’ visual responses to colour, putting it on a firm experimental scientific basis. It 
consists of three independent dimensions which can be three dimensionally represented 
cylindrically, as an irregular colour solid: hue, measured by degrees around horizontal 
circles; chroma measured radial outward from the neutral (grey) vertical axis; and value 
measured vertically from 0 (black) to 10 (white). For example, the sample depicted in 
Figure 2.10., demonstrate a circle of hues at value 5 chroma 6; the neutral values from 0 
to 10 and the chroma of purple-blue (5PB) at value of 5. This system has outlasted its 
contemporary colour models, and though it has been superseded for some uses by 
models such as CIELAB (lab), it still in wide use today. 
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In colorimetry and colour theory, colourfulness, chroma and saturation are related but 
distinct concepts referring to the perceived intensity of a specific colour. Significant 
advantages of spectrophotometric measurements include the ability to analyse the 
principal components of a series of spectra and the ability to convert spectrophotometric 
measures to various colour measures. Computer programmes are often supplied with 
spectrophotometric measuring devices to facilitate the conversion of reflectance to the 
various colour parameters (Johnston, 2009). This has become particularly important in 
the accuracy and repeatability of colour measurement in Dentistry (Johnston, 2009; 
Ragain & Johnston, 2000), and more recently in the field of Maxillofacial Prosthetics 
(Johnston, 2009; Paravina, 2009; Paravina et al., 2009). 
 
2.2.6 Colour perception and visual acuity 
Colour perception and visual acuity are dually combined in the role of colour visual 
acuity; and play an important role in the colour matching of facial prostheses. Colour 
perception can be described as an individual’s observation or sensitivity of colour. Each 
individual’s perception is based on the retinal image that is formed by the material 
properties of the surface being viewed, and the light that is illuminating it. The 
combination of these elements determines the image that is portrayed on the retina of 
that person (Rudd, 2013). This is then perceived by light sensitive nerve cells, which 
transmit the image to the brain (Russel et al., 2000). Visual acuity is derived from the 
clarity of one’s vision. It is related to the distinguishing of one object from another; and 
acuteness, of the image portrayed on the retina of an individual (Finger, 2013). 
 
Colour perception and visual acuity are fundamental to the Maxillofacial Prosthetist and 
in the practice of Maxillofacial Prosthetics. Using the conventional visual colour matching 
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system to match silicones to skin tones, painting arises for orbital work and adding 
extrinsic colour to prosthesis are just some examples that demonstrate a clear necessity 
for the need for a particularly high level of colour perception, and visual acuity for the 
clinician involved. There is a distinct variation in the individual ability of people to 
distinguish colour differences of two objects (Culpepper, 1970). Culpepper (1970) survey 
of 37 practicing dentist assessing natural teeth and 4 shade guides under 4 different light 
sources, showed poor ability to duplicate original natural tooth colour. Thereby further 
demonstrating that critical colour perception varies between individuals at the same point 
and different points in time. As a consequence this may contribute to patient 
dissatisfaction regarding their prosthesis colour and colour degradation. This may be 
potentially detrimental to the patient’s quality of life and emotional wellbeing (Paravina, 
2009). Therefore managing patient’s expectations by providing an initial acceptable 
colour match within an acceptable time frame is vital. Using an objective method such as 
digital technology may provide a solution for these issues. 
 
With advanced digital technology, more sophisticated computerised colour matching 
equipment is becoming more readily available and may preclude the necessary 
prerequisite for a high colour visual acuity in a Prosthetist. Relying on the visual skills of 
maxillofacial prosthetists alone means that a significant variation of colour perception is 
present within a group of prosthetists at any given time. This may be as a result of the 
their differing colour handling experience, their colour perception, the lighting conditions 
at the time of shade taking (Jarad et al., 2005). It is accepted that significant differences 
between colour shades taken under artificial light and those taken in natural daylight can 
be present (Mete et al., 2013). Mete et al., 2013 study, the average ∆E between 
presented and selected shade for individual participants under natural daylight ranged 
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from 0 to 4.84, with a mean of 2.24, while those under daylight lamp conditions ranged 
from 0 to 3.68, with a mean of 1.14 (P < 0.0001). Even in natural light, the time of day 
can affect the perception of colour seen because of the different wavelengths of sunlight 
that are exposed at different times of the day from atmospheric changes. At noon, the 
sky appears more of a bluish shade; whereas early morning, and late evening, the 
sunlight has a red-orange tone (Watts et al., 2001). Additionally, the colour of the room, 
in which the shade is being taken; the patients clothing and makeup; may also influence 
the observation of colour seen (Sorensen et al., 1987). A further drawback regarding 
conventional visual colour matching is that of the human fatigue of the eye; tiredness, 
can also affect the distinction of colour variation (Judeh et al., 2009). 
 
The advantage of electronic devices in eliminating the subjectivity of colour judgments 
was examined in a clinical dental setting by Judeh et al., (2009). The visual colour 
judgements of 9 observers in 9 dental models and 9 in vivo were compared with a 
spectrophotometer and demonstrated significantly better results using the 
spectrophotometer [56 readings of 81 (69.1%)correctly matched the shade] as compared 
to the visual method (30.9%). These variations reinforce the need to implement digital 
colour technology, which has the potential to introduce more predictability and reliability 
in achieving good outcome in our clinical practice. 
 
The repeatability of spectrophotometric measurements was establish by Corciolani and 
Vichi’s (2006), using two different types of spectrophotometers (VITA Easyshade and the 
Vita Zahnfabrik, Bad Säckingen, Germany; and the PSD1000 (Ocean Optics, FL, USA), 
used in the clinical and laboratory settings. Testing involved using ceramic sample disks 
of 0,7 mm thickness and 15 mm diameter of a self-curing acrylic resin material in a single 
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A3 colour shade demonstrated very low values of coefficient of variation 
(0,002<CV<0,111) using the Ocean Optics PSD1000 from an average reading of 5 
scans. The VITA Easy shade reading values highlighted the good repeatability in 
repeated scanning when using a stand (0<CV<0,022) and when hand held 
(0,008<CV<0,913). The scanning method devised by Corciolani and Vichi (2006) helped 
define the scanning repeatability method of this researcher’s study. 
 
In regard to visual colour acuity, while its role is fundamental to the current practice of 
Maxillofacial Prosthetics, improvements in digital and computerised colour matching 
technology may reduce the reliance on the individual visual acuity skill of clinicians in the 
future. However, in the current practice, there are several methods for clinically testing 
colour perception and acuity. The most commonly used are isochromatic plates, 
arrangement tests, anomaloscopes, and lantern tests (Melamud et al., 2004). Melamud 
et al., (2004) reviewed the most commonly used tests and their individual attributes to 
assist the clinician in administering each type test. Arrangement tests are designed to 
highlight the ability of the individual to distinguish colour differences between swatches of 
fixed chroma, and value selected from the hue circle. The test results place the individual 
into one of three categories previously described (deutan, protan, and tritan) (see figure 
2.7) dependant on the errors made in the completed order (Melamud et al., 2004). This 
test can be used to identify the extent of colour perception deficiency. 
 
Expanding on the future possibility of complete reliance on digital colour technology, it 
can be argued that even if the reproducibly and accuracy of this technology is 
established, it is most likely that colour defective subjects will still find the many aspects 
of shade matching and producing a realistic prosthetic far more difficult than that of 
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someone with a high degree of visual acuity. Additionally, the process of extrinsic 
colouration of a prosthesis, which may be needed on sessional changes, relies on the 
colour perception and acuity of the Maxillofacial Prosthetist, hence, the creative addition 
of fine detail and colour by eye to improve the overall appearance of the prosthesis may 
still need the colour acuity of the operator. 
 
2.2.7 The CIE lab colour space - colour model 
There are many CIE colour spaces and colour models which serve different purposes 
that are RGB (red, green, blue) relate to a camera, scanner or press devices 
(Commission Internationale de l’Eclairage, 1976). However, these do not cover the entire 
visible spectrum. The CIE also specifies light conditions. There are two related colour 
spaces which are becoming increasingly important in the world of colour reproduction, 
which are among the tristimulus (3D) colour spaces developed by CIE “Commission 
Internationale de l’Eclairage (CIE) or the “International Commission on Illumination” (CIE 
1976). 
 
In order to objectively measure the skin colour appearance and evaluate skin colour 
differences, CIE Colorimetry and Spectrophotometry has been widely used for specifying 
skin colours into CIELAB uniform colour space. A colour model, the CIELAB - CIELab, 
the L*a*b* is described as the vertical (L*) axis which represent lightness, ranging from 
0-100 and two other horizontal axis values (a*) and (b*).  Each has an “axis” that can 
range from (- a) to (+ a) and (- b) to (+ b). More specifically, (- a) represents green and (+ 
a) represents red, whilst (+ b) is represented by yellow and (- b) is represented by blue, 
as shown in Figure. 2.11., (Colourphil Ltd.; Hunter, 1948; Honiball, 2010). This colour 
model is based in the principle that a colour cannot be both; red and green, or blue and 
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yellow. Therefore, a* axis is green at one extremity represented by (- a), and red at the 
other (+ a). The b* axis has blue (- b) at one end, and yellow (+ b) at the other. The 
centre of each axis is 0, a value of 0 or very low numbers of both a* and b* will describe 
a neutral or near neutral. In theory, there are no maximum numbers of both a* and b*; 
but in practice, they are usually numbered from -128 to +127 (256 levels), as 
represented in Figure. 2.11. 
Figure 2.11 CIE L*a*b* colour space model (Colourphil Ltd.). 
 
The conversion of spectrophotometric measures to colour parameters involves a 
specification of both the illuminant and the observer. The conversion to three colorimetric 
parameters was originally established for converting spectrophotometric data to 
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tristimulus values, X, Y, and Z. These values are each calculated, by integrating the 
colour stimulus multiplied by the respective colour-matching function of the observer, 
over the visible range of wavelengths 400 to 700 nm (Fig. 2.12). Where the vertical axis 
represents Relative Response 0 - 2.0, or reflective intensity 0 - 120% (not shown); and 
the horizontal represents wavelengths nanometres, from 400 to about 700 nm; (the 
entire visible range being 380 to 780 nm). 
Figure 2.12 CIE ZYX wavelength spectral data model (Colourphil Ltd.). 
 
 
2.2.8 Delta E (∆E) the colour difference 
Colour difference or distance between two colours is a metric of interest in colour 
science (CIE). Delta-E (∆E) is a unit of measure that calculates and quantifies the 
difference between two colours, one a reference colour, the other a sample colour that 
attempts to match it, based on L* a* b* coordinates. It allows quantification of colour 
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difference in units. The CIE calls their metric distance ∆E*ab (also called ∆E*, dE*, dE, or 
“Delta E”), where delta is a Greek letter, which is used in mathematics (as the symbol ∆) 
to signify an incremental change in a variable, example: a difference. E stands for 
Empfindung; German for “sensation” (CIE, 1976). 
 
The human vision is more sensitive to colour differences if two colours actually are next 
to each other. It is understood that the higher the ∆E value the greater the difference 
between the two samples being compared (Melgosa et al., 1994; McDonald et al., 1997). 
A Delta E (∆E) of 1 or less between two colours that are next to each other is reported to 
be barely perceptible by the average human observer (Kiat-amnuay et al., 2005). A Delta 
E (∆E) between 3 and 6 is typically considered an acceptable match in commercial 
reproduction on printing presses. On the other hand, the range between 2 and 6 ∆E is 
usually considered an acceptable match in graphics and art industry (Melgosa et al., 
1994; McDonald et al., 1997). However, in Maxillofacial prosthetics still not defined. 
 
There are several methods by which Delta E (∆E) values are calculated, Delta E 1976, 
Delta E 1994, Delta E CMC and Delta E 2000. The last one is considered the most 
accurate formulation to use for small ∆E calculations (that is <5 ∆E unit) (CIE). In 1984, 
the CMC (Colour Measurement Committee of the Society of Dyes and Colourists of 
Great Britain) developed and adopted an equation based on LCH numbers. Intended for 
the textiles industry, CMC l:c allows the setting of lightness (l) and chroma (c) factors. As 
the eye is more sensitive to chroma, the default ratio for l:c is 2:1 allowing for 2x the 
difference in lightness than chroma (numbers). There is also a 'commercial factor' (cf) 
which allows an overall varying of the size of the tolerance region according to accuracy 
requirements. A cf=1.0 means that a Delta-E CMC value <1.0 is acceptable. 
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In industry, paint colour is most often measured by a colour scale, either Hunter (Hunter, 
1987), CIELAB or CMC. These scales are represented by L*a*b*. The scales are three-
dimensional and the mathematical distance between any two points is described as a 
Delta E. In paint industry Delta E is a measured distance between the standard colour 
chip and the paint coating of the finished aluminium. The industry understood and 
accepted colour range, or acceptable colour tolerance, for paint coatings is 2 Delta E 
(AAMA 2605-11 Specification) (Melgosa et al., 1994). In the automotive industry, the 
different parts of cars are produced by different manufactures using different materials, 
and reliable colour-difference formulas are necessary for automatic pass/fail colour 
decisions (Melgosa et al., 2015). 
 
In the past years, a number of colour-difference formulas have been proposed for 
industrial applications, the CIEDE2000 colour-difference formula was recommended as a 
standard by the International Commission on Illumination (CIE) and the International 
Organization for Standardization (ISO). This recommendation mainly promotes 
uniformity of practice, between manufacturers and users. Melgosa et al., (2015) 
highlighted that colour-difference formulas are necessary for industrial quality control and 
artificial colour-vision applications. Furthermore, a colour difference formula must be 
accurate under a wide variety of experimental conditions including the use of challenging 
materials like, for example, gonioapparent samples or materials with flop effects “a 
difference in appearance of a material viewed over two widely different aspecular angles” 
(Melgosa et al., 2015). Experimental results were found for the AUDI2000 colour-
difference formula, followed by colour-difference formulas based on the colour 
appearance model CIECAM02. Parameters in the original weighting function for 
lightness in the AUDI2000 formula were optimised obtaining small improvements. 
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However, a power function from results provided by the AUDI2000 formula considerably 
improved results, producing values close to the inter-observer variability in the visual 
experiment. Melgosa et al., (2015) illustrated how to design a visual experiment to 
measure colour differences in gonioapparent materials, and how to assess the relative 
merits of different colour-difference formulas trying to predict the visual results in such 
experiment. Their results confirmed that AUDI2000 is a good colour-difference formula 
while its weighting function for lightness seems to be not optimal. Additional research is 
required to obtain a modified AUDI2000 colour-difference formula significantly better 
than the current one. 
 
Hypothetically a ∆E value of less than 1.0 is to be indistinguishable unless the two 
samples are adjacent to one another. It would be prudent to deduce that, for a facial 
prosthesis to be clinically acceptable, the ∆E value would have to be less than 1.0 unit, 
as fitted facial prostheses are adjacent to the facial structures (prostheses to skin). 
However, the magnitude of perceptible and/or acceptable colour differences for human 
observers has not been scientifically determined in maxillofacial colour research. The 
few available studies have reported inconclusive results (Paravina et al., 2009; Seelaus 
et al., 2011). A larger number of studies have investigated tooth colour perceptibility and 
acceptability in dentistry, and will be evaluated later (Douglas & Brewer, 1998; Ishikawa-
Nagai et al., 2009; Lindsey & Wee, 2007; Ragain & Johnston, 2000, Ruyter et al., 1987; 
Seghi et al., 1989). It is therefore critical that the perceptibility and acceptability threshold 
of colour differences in facial prosthetics is scientifically established before quantification 
of an effective colour match for any advanced digital system e.g. Spectromatch system 
can be determined. 
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2.2.9 Digital colour technology in maxillofacial prosthetics 
Between 1976 and 1978, the “Commission Internationale de l’Eclairage” (CIE) developed 
a new system, called CIE L*a*b*. This allowed for the first time, the possibility to classify 
and correlate colour numerically, and to calculate the difference between two colours 
using a formula that gives one number (∆E) as a value for colour differences 
(Clarke,1983). In the late 1990’s, the CIE L*a*b* system was incorporated into dentistry, 
and as a result, one of the first clinical advancements was the development of shade 
guides for restorative dentistry; and consequently the development of digital colour 
software applicable to maxillofacial prosthetics. This led to the development of the 
Spectromatch System software (Spectromatch Ltd., 2009), with an in-built digital colour 
palette that was created from spectral data of human skin colour. This digital colour 
technology development provided a tool which may potentially enhance maxillofacial 
prosthetics outcomes; thus bringing innovation in the practice of maxillofacial prosthetics. 
 
The development of CIE (Commission Internationale de l’Eclairage, 1976) for skin colour 
was another milestone in taking this technology forward. Following the novel 
development of using spectrophotometry to create a scientific universal standard for 
colour shade guide in dentistry, subsequent applications were extended to colour 
matching elastomers (silicone) for facial prosthetics. Subsequently several 
manufacturers have attempted to produce digital colour system software, producing a 
marked improvement in colour reproduction for facial prosthetics (Hunter, 1987; 
Troppmann et al., 1996; Spectromatch Ltd., 2009). Troppmann et al., (1996) used a 
colour formulation system from Hunter Associates Laboratories, Inc. (Reston Virginia). 
This system included the Miniscan XE spectrophotometer and Match Maker colour 
Formulation for Plastics (Hunter 1987). They used Ferro silicone paste pigments (Hunter 
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System; Factor II INC., Lakeside Arizona); and the same system was used by Coward et 
al., (2008) and Seelaus et al., (2011), although they use nine Ferro paste pigments 
(white, black, red, yellow, blue, red-brown, buff, umber, flesh - Factor II, Inc., Lakeside, 
AZ) instead of four. 
 
The application of a digital colour system in clinical Maxillofacial Prosthetics practice was 
first reported by Nacher-Garcia & Kaur (2009a) with the Spectromatch Pro digital colour 
system (Spectromatch Ltd.,). This technology had not been subjected to scientific 
evaluation in clinical practice, and this provides the basis for the aim of this study. 
 
Few reported studies document the effect of computerized colour formulations for facial 
prosthesis (Troppmann et al., 1996). Bearing in mind that the technology is in its infancy, 
early data suggests that it may serve as a tool to manage metamerism, and to 
complement the subjective clinical assessment of the clinician. These involves software 
programs that allow the clinician to formulate pigment loading from the spectral data 
scanned from the patients’ skin, enabling the treatment planning process to be much 
more objectively driven (Troppmann et al., 1996; Seelaus et al., 2011). The incorporation 
of digital technology into the fabrication process of facial prostheses, can potentially 
transform the treatment process from a time-consuming artistically driven process, to 
being a reconstructive biotechnology process (Davis, 2010; Wolfaardt et al., 2003a). 
 
The literature shows that scientific development in spectrophotometry may present an 
opportunity to improve the colouring process for clinical prostheses (Troppmann et al., 
1996; Wolfaardt et al., 2003). However, the definition of perceptibility and acceptability 
thresholds for skin-facial prostheses has not been fully established (Seelaus et al., 
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2011). Therefore, there is a primary need to determine the acceptable threshold for facial 
prostheses and my study has endeavoured to do that. 
 
Colour difference thresholds for maxillofacial skin replications have been reported by 
Paravina et al., (2009); a total of 15 pairs of light specimens (mimicking white, Asian, and 
Hispanic skin) and 15 pairs of dark specimens (mimicking African-American skin) were 
made using skin-coloured maxillofacial silicone elastomers, combined with opacifiers and 
pigments. Colour match / mismatch and acceptable / unacceptable mismatch of each 
pair of specimens were visually evaluated by 45 evaluators under controlled conditions 
of a viewing booth, with CILAB/CIEDE2000 formulae for perceptibility and acceptability 
thresholds for light specimens (silicone samples) of 1.1/0.7 and 3.0/2.1(∆E) values, and 
for dark specimens 1.6/1.2 and 4.4/3.1(∆E), respectively. However, within the limitation 
of their study, both main effects of thresholds type (perceptibility and acceptability) and 
primary colour (light and dark) on 50:50% colour-difference thresholds of coloured 
maxillofacial elastomers in a laboratory base study was found significant (p<0.001), 
although results reported a wide range of SD up to ∆E 3.1, thus indicating large margin 
of errors. This data and methodology was useful for this researcher’s study. 
 
An experimental study by Kuehni and Marcus (1979) is frequently cited as providing a 
standard for the perceptibility and acceptability of small colour differences. A majority of 
the sixty three subjects in Kuehni and Marcus (1979) study were experienced industrial 
colour matchers. Two sample sets involved dyeing on textiles, four matte paints on 
cardboard, two sample sets (grey and purple) evaluated by 37 observers/ four sets by 26 
observers industrial colour matchers from colorant, textiles, paint, and plastics industries 
with normal colour vision/They found that the average CIELAB colour difference (∆E 
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CIELAB) for 50% of the observers to perceive a colour difference was one unit (∆E 
CIELAB = 1) and no significant difference between perceptibility and acceptability 
judgments was found, however this comparison may not be valid as perceptibility and 
acceptability were assessed using two different visual tasks. 
 
Another study by Seghi et al., (1989) evaluated colour perceptibility in a group of dental 
professionals (n=23) dentists and (n=4) dental technicians, using translucent colour 
porcelain discs. A visual sorting task, in conjunction with a specialised statistical 
analysis, was used to estimate perceptibility. Their results suggested that colour 
difference in porcelains discs (dental material tooth like) of about 2 ∆E CIELAB units or 
greater would be detected 100% of the time and would decline with ∆E. The ∆E CIELAB 
for 80% probability of observers reporting a colour difference was 0.5 - 1.0 (∆E), while 
∆E for 50% probability was near zero. Ragain and Johnston (2000) also examined colour 
difference acceptability in translucent dental porcelain discs, reporting and average 
acceptability thresholds of 2.72 CILAB ∆E units. Ruyter et al., (1987) also study colour 
difference acceptability, found that 50% of their 12 observers, dentists (n=6) and 
chemists (n=6) considered sample pairs of dental resin to be unacceptable when ∆E was 
approximately 3.3 units. However, colour perceptibility and acceptability may differ from 
tooth like material, white and ivory colour to facial skin and prosthetics medical silicone 
elastomers. Therefore, this data cannot be used for direct comparison in this study. 
 
Perceptibility and acceptability were directly compared in a study by Douglas and Brewer 
(1998), and looked as how a group of prosthodontics perceived shade difference in 
porcelain fused metal crowns. Acceptability thresholds were measured in a* and b* 
directions of CIELAB colour space, and were found dependent on the direction of colour 
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change. Thresholds on L* direction (lightest - darkens) were not measured. Acceptability 
of colour differences in Douglas and Brewer (1998) study was ∆E 1.1 units in a* direction 
for red-varying crowns, and ∆E 2.1 in the b* direction for yellow-varying crowns. 
Furthermore, they found that while acceptability thresholds (50%) averaged 2.1 ∆E units, 
perceptibility averaged only 0.7 ∆E units. However, they measured colour differences of 
their translucent samples using instrumentation that exhibits edge loss, therefore the 
accuracy of colour difference measurement for perceptibility and acceptability may be 
significantly in error. 
 
Lindsey and Wee (2007) measured human sensitivity to tooth colour differences on a 
computer generated pairs of tooth-shaped patches. Their results indicated ∆E of 1.25, 
1.25, 2.8 respectively in the L*, a* and b* direction of CIELAB colour space with no 
significant difference between perceptibility and acceptability. There are studies in the 
literature indicating that ∆E=1.6 represents the colour difference that could not be 
detected by human eye between dental restorations and natural teeth (Ishikawa-Nagai et 
al., 2009). However, the literature is diverse in methodologies and the results obtained 
were often in the study of computer generated tooth colour differences and not in skin 
and silicone prostheses. 
 
Data on colour-difference thresholds of skin replication are limited, Paravina et al., 
(2009) tested 15 pairs of light colour silicone representing specimens (White, Asian and 
Hispanic skin), and 15 pairs of dark silicone specimens (mimicking African-American 
skin), using skin-coloured maxillofacial silicone elastomers fabricated with the 
conventional method. The mean (SD) colour difference among light specimen was ∆E 
2.8 (1.5) and ∆E 1.9 (1.1) for CIELAB and CIE2000 respectively, and for dark specimens 
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were ∆E 2.8 (1.7) and ∆E 2.0 (1.0). However the specimen (silicone samples) were 
fabricated with the standard method and not computerised. 
 
Leow et al., (2006) evaluated by derivation the specific colour differences thresholds 
defining perceptible and acceptable levels of colour sensitivity, on silicone colour 
matches for fair and dark skinned digit prostheses in a laboratory based study. They 
used 90 lay persons as observers, and reported thresholds for perceptibility and 
acceptability colour difference for fair-skin population were ∆E 0.8 and ∆E 1.8 
respectively, and ∆E 1.3 and ∆E 2.6 for dark skin population. However, the study is 
limited to a base line hand prosthesis colour matched to a fair and dark skin-shade using 
a colorimeter (Chroma Meter CR-300, Minolta, Tokyo, Japan), and a set of 10 digit 
prosthesis samples, with a graduated increase in colour difference against the base line. 
Furthermore, they used a trial and error method, to achieve a target range of ∆E colour 
difference from the base line shade. However, it is interesting to note that this study 
demonstrates that subjective visual assessment is positively correlated with ∆E values 
computed for colorimetric measurements for both fair and dark-shade silicone samples 
(p <0.001). The Leow et al., (2006) study design was instrumental in assisting the design 
of this present study. 
 
Over et al., (1998) used a colorimeter to measure the skin of 15 Caucasians subjects 
only, by comparing silicone samples to the skin measurements. The results showed very 
wide ∆E ranging from ∆E 3.49 to ∆E 9.70 (using 1mm silicone thickness), and ∆E 16.31 
to ∆E 28.67 (10 mm thickness). This is not surprising, and it highlights the urgent need to 
test optimal sample thickness for silicone colour measurement with a spectrophotometer, 
as the thickness of a sample seems to influence the colour measurement outcomes; as 
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parameters, such as reflectance of light, white and black background, may also influence 
the ∆E values or /and measurements readings. 
 
A study by Koran et al., (1981) reported the only quantitative data for human skin 
(Whites, Blacks, and Orientals) in values of luminous reflectance, dominant wavelengths, 
and excitation purity (chroma) for 241 subjects. The skin colour was measured using a 
spectrophotometer, and the skin measurements were made on different structures, with 
colour measurements made on the left cheek area of the molar prominence. Among 
these groups, major differences in luminous reflectance and excitation purity (chroma), 
but not in dominant wavelength, were observed. The twin absorption bands of 
oxyhemoglobin at 540 and 520 nm were more prominent in whites than in Orientals or 
Blacks. These depressions in the reflectance curve were also reported by Edwards and 
Duntley (1939) at about 540 and 580 nm, to be representative of the twin absorption 
band of oxyhemoglobin, since oxyhemoglobin is present in the arterial blood flow in the 
skin. Therefore, the effect of light sources on observed skin colour was demonstrated 
and indicated the importance of matching reflectance curves of skin and maxillofacial 
pigments rather than matching luminous reflectance, dominants wavelength, and 
excitation purity. It is interesting to note that, these depressions in the mean reflectance 
curves of the various groups were more pronounced for Whites, less pronounced for 
Orientals and almost non-existent for Blacks ethnic groups. The luminous reflectance for 
these groups was (Mean) 30.9, 28.8, and 21.9 ∆E respectively, the darker skin colours 
tent to mask the twin absorption peaks of oxyhemoglobin. This masking effect is most 
probably caused by the melanin pigment found in skin. It concluded, that if the actual 
reflectance curve of the patient’s skin were used to match the reflectance curve of the 
prosthesis; the colour match would be independent of the incident light, and metameric 
97 
 
effects would be minimised. Thus, if a computer programme was developed utilising the 
reflectance curve obtained from a patient skin spectral data to quantitatively select 
maxillofacial pigments to achieve an isomeric colour match of maxillofacial prosthesis 
with patient’s facial skin, a closer colour match will be achieved. 
 
Xingxue and Johnston (2011) reported that human skin is multi-layered and 
inhomogeneous and has a partially translucent structure. To quantify the translucency for 
human skin as it is for translucent materials at a certain thickness, a laser light-diffusing 
method was developed to quantitatively approximate translucency of translucent 
pigmented maxillofacial materials, using a technique that was to be applicable to human 
skin. A developed method of laser light diffusing area (LLDA) and the method of colour 
difference due to edge loss (CDEL) were compared in accuracy of translucency 
estimations of thick pigmented maxillofacial elastomeric material. Thick specimens of 19 
different shades of skin-coloured maxillofacial elastomer (MFE) were made with a 
silicone elastomer and four commercially available pigments (tan, red, yellow and black). 
Translucency parameter (TP) values at a thickness of 1.5 mm on ideal black and white 
backings for each shade based on the CIELAB and CIE2000 colour difference formulas 
were previously calculated, and were predicted by the regressions of TP onto the LLDA 
and CDEL measurements. Both the LLDA and CDEL methods provided reasonably 
accurate (adjusted R2 -0.919) estimations of TP and no significant differences were 
found in the error variances of the regressions. They concluded that the laser light 
diffusing method appears to be highly reliable for the estimation of translucency of 
maxillofacial elastomer, and the relationship of translucency to LLDA may be used to 
estimate the apparent translucency of any thick translucent material within the range of 
translucency studied. The laser light diffusing method as a non-contact and non-
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destructive method may be applied to quantitatively estimate the translucency of human 
skin and prosthetic elastomers, and further be incorporated into appearance matching of 
maxillofacial prosthesis to human skin. 
 
Seelaus et al., (2011) aimed to explore the relationship between an objective computer 
measurement of colour difference ∆E, and subjective clinical opinion of a good colour 
match between silicone samples and skin. However, the study was limited to 19 African 
Canadian subjects and only five colour assessment judges. Five judges independently 
assessed the colour match of four silicone samples previously processed, through an 
iterative correction procedure; a Delta E values was recorded for each sample to 
represent the colour difference between the silicone sample and the skin. Skin and 
silicone samples were rated on a five-point scale as a measure of “colour match”. The 
spectrophotometric measurements were recorded using a Miniscan XE Model, CIE 
L*a*b*) (Hunter Labs Inc., Reston, VA). The CIE Lab 1976 colour space was used in 
computer calculation for colour difference. The judges were calibrated using the Ishihara 
Colour Blindness test, to determine the colour acuity of each judge. A multivariate 
analysis was used to determine relationships between judges’ assessments and the 
variables of colour difference between silicone and skin (∆E), pigment loading, and skin 
characteristics (L*a*b*). Their results reported a positive correlation between judges’ 
scores and low Delta E (∆E), values for the first two samples. All judges rated the first 
sample a poorer colour match than the four sample (p<0.015), reporting no conclusive 
results. The study was not designed to identify a clinical tolerance for ∆E; however it 
highlighted the need to understand the clinical tolerance for ∆E based on 
spectrophotometric data and computerised colour formulation, for future potential 
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application of this innovative colour technology in the specialty of maxillofacial 
prosthetics. 
 
2.3 Findings of the review 
The review of the scientific literature and existing clinical practice suggest that colour-
matching facial prosthesis to patients’ skin tone still remains one of the most challenging 
tasks in clinical maxillofacial prosthetics rehabilitation. Correct skin colour selection and 
reproduction continues to challenge the Maxillofacial Prosthetists because colour 
matching of facial skin is subjective complex procedure, and colour selection by trial and 
error method is unreliable (Johnston, 2009; Paravina et al., 2009; Troppmann et al., 
1996). Even though the most common way to evaluate and reproduce natural skin colour 
for Maxillofacial Prosthetics remains the visual comparison of the patient’s skin, followed 
by artistically mixing pigments with medical grade elastomers; this trial and error method 
is not scientifically reproducible (Aina et al., 1978; Coward et al., 2008; Fine et al., 1978; 
Godoy et al., 1992; Hanson et al., 1983; Ma et al., 1988; Troppmann et al., 1996), and 
provides inconsistent outcomes. It remains to be tested if digital colour technology will 
remove subjectivity from the colour matching process, thus facilitation objectivity in 
clinical practice. 
 
The literature shows that scientific development in spectrophotometry may present an 
opportunity to improve the colouring process of clinical prostheses (Troppmann et al., 
1996; Wolfaardt et al., 2003). Advanced digital colouring technology in maxillofacial 
prosthetics reconstruction has evolved in recent years to assist the challenging process 
of skin colour matching facial prosthetics in medical-grade silicone elastomers. 
Troppmann et al., (1996) reported that spectrophotometry when combined with 
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appropriate colour formulation software, can calculate a recipe to create silicone that 
matches a target skin colour, bringing a new objective application into the practice of 
colouring facial prosthetics. Furthermore, the appropriate development of pigment 
databases may establish a precise and repeatable colour matching system that predicts 
colorants and controls metamerism (Troppmann et al., 1996; Coward et al., 2008). 
However, any new system that may change clinical practice has to be evaluated to 
determine if it can provide better patient outcomes with facial prosthetic reconstruction. It 
is argued that rapidly emerging advancements in digital colour technology must be 
evaluated objectively if they are to bring new shifts in the practice for Maxillofacial 
Prosthetics (Johnston, 2009, Nacher-Garcia & Kaur, 2009b; Paravina, 2009, Paravina et 
al., 2009; Spectromatch Ltd., 2009). However, the literature also identifies that the 
definition of perceptibility and acceptability thresholds for skin-facial prostheses has not 
been fully established (Seelaus et al., 2011), hence the need to undertake this 
investigation to understand the relationship of human colour perception and level of error 
acceptability in facial prosthetics and the use of new advance technology. 
 
A scientific solution to the facial prostheses present colour matching problem requires a 
proposed change in the paradigm of the colour replication process, namely, the use of 
digital technology to obtain quantitative values for the colour matching process and 
formula recipe (Nacher-Garcia & Kaur, 2009b). This newly available technology, the 
Spectromatch digital system (Spectromatch, Ltd., 2009) must be evaluated for its 
determined clinical purpose. The coloured silicone sample formulated with the advanced 
Spectromatch digital colour system may offer a new process over the conventional trial 
and error method for simulation of the natural skin colour, and may ultimately, advance 
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this specialised clinical practice and provide a better outcome for the facially disfigured 
patient. 
 
At present, the reliability and validity of the Spectromatch advance digital colour system, 
in assisting the process of colour matching maxillofacial prosthetics in the clinical 
practice has not been established, nor its clinical outcome evaluated. The magnitude of 
perceptible and / or acceptable colour differences for human observers is still not well 
determined in Maxillofacial Prosthetics research (Johnston, 2009; 1998; Paravina et al., 
2009; Seelaus et al., 2011; Troppmann et al., 1996). There is a primary need to establish 
the first and foremost, the reliability and validity of this advance digital colour technology, 
as a tool to assist the colour matching process of facial prosthetics. Secondly, and more 
importantly, is the need to identify the critical markers for successful digital colouring of 
facial prosthetics, as this would allow to quantify perceptibility and acceptability of colour 
differences in Delta E (∆E) values, these two parameters are essential for the evaluation 
of this advanced digital colour technology system, to further research in the field of facial 
prosthetics. 
 
The findings of this study may bring new knowledge and form the basis for further 
research to determine the efficaciousness of this new technology in clinical practice. The 
process of instrument and colour matching procedure evaluation is central, to 
implementing this relatively expensive advanced colour technology in the practice of 
maxillofacial prosthetics; and forms the basis for this study. 
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2.4 Research questions 
The following research questions were developed in structuring this study: 
 
1. Can the Spectromatch digital colour system with its spectrophotometer skin colour 
scanner, reproduce reliable skin colour formulae for maxillofacial prosthetics? 
 
2. What is the optimal silicone sample thickness (mm) in both; light and dark, human skin 
shades, for digital colour measurements using a spectrophotometer scan? 
 
3. What are the perceptible and acceptable skin colour difference (silicone simulated skin 
samples) thresholds (∆E value) for maxillofacial prosthetics? 
 
4. Is there an association between human eye observed acceptable colour difference 
and digital colour ∆E value for facial prosthetics? 
 
This study aims to answer these questions, namely, to determine whether the 
Spectromatch digital colour system with the spectrophotometer skin colour scanner, can 
reproduce natural skin colour in silicone samples that could be used for the fabrication of 
facial prostheses; and to determine whether the silicone samples were acceptable to the 
human eye; and to determine the acceptable colour match in Delta E (∆E) values for four 
ethnic groups with light to dark skin shades. 
  
103 
 
Chapter 3 Methodology and methods 
 
3.1 Introduction 
Chapter two presented the evidence base and rationale for the study in developing 
acceptable skin colour matching in maxillofacial prosthetics. This chapter will present the 
framework for the study, including the study design and explore how the methods were 
developed to answer the research questions. 
 
3.2 Framework for the study 
A framework was used to organise the study’s structure, thereby guiding its 
methodological development. This enabled the research questions to be addressed and 
placed the research findings within a scientific construct (Mock et al., 2007; Wisker, 
2008). Hence a framework is useful when researching and developing new medical 
instruments for diagnosis, prognosis, long term follow up or evaluating interventions 
(Scholtes et al., 2011). This may include objective and subjective measurements and 
evaluations involving laboratory tests, patient-reported questionnaires and physical 
examinations (Scholtes et al., 2011). In this study it helped to identify the component 
parts of how best to measure and test silicone samples fabricated with the Spectromatch 
digital colour technology. In addition to design a colour model method to determine the 
perceptible and acceptable thresholds for colour matching facial prostheses Furthermore 
Karanicolas et al., (2009) argues that although high quality scientific instruments are 
required for clinical practice, their quality, reliability and validity needs to be tested and 
therefore validated through research. Standardised criteria for measurement are 
therefore required to research new instruments (Terwee et al., 2007). 
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In this study “the Consensus-based Standards for the selection of health Measurement 
Instruments” (COSMIN), were used as a testing framework to address the studies first 
two questions (Mokkink et al., 2010a; Mokkink et al., 2010c). COSMIN provides a 
manual and checklist for the systematic evaluation of the methodological quality of 
studies measuring scientific instruments. Additionally COSMIN proposed a taxonomy 
describing each measurement, outlining and defining the terminology and units of 
measurement (Mokkink et al., 2010b). Furthermore it identifies the key properties of a 
measurement instrument and the criteria by which these properties are assessed for 
evaluating measurement instruments. To further understand this it is important to 
describe what Mokkink et al., (2010a) identifies as the three quality domains of a 
measurement instrument are: reliability; validity; responsiveness. Firstly the quality 
domain of reliability contains three measurement properties: internal consistency, 
reliability and measurement error. Secondly validity contains three measurement 
properties: content validity, construct validity and criterion validity. Thirdly the final 
domain of responsiveness can be described as the ability of a measurement instrument 
to detect change over time in the construct to be measured (Mokkink et al., 2010c). The 
term reliability is derived from the classical test theory, where “observed scores” on a 
measurement instrument consist of two components: the “true” score plus the “error” 
(Scholtes et al., 2011). The error is thought to occur during each measurement and can 
be related to the instrument itself, the measurement situation and the participant (the 
rater) taking the test. Reliability is the proportion of variability in an observed 
measurement, due to the true variability between subjects, rather than some kind of 
error. Statistically this is statistically calculated and formally defined as: 
Reliability = true subject variability / (true subject variability + measurement error) 
(Scholtes et al., 2011) 
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In principle the lower the “measurement error” the higher the reliability, hence the 
measurement instruments quality (Scholtes et al., 2011. Reliability is a relative 
parameter, and will always have a value between 0 and 1 (Nunnally & Berstein, 1994). 
However classical test theory does not say how high reliability is supposed to be, hence 
the measure has no error consequently all variations are true with a score variation 
reliability of 1, or perfect reliability (Nunnally & Berstein, 1994). Conversely a measure 
that has no true score, where variation equals error, has zero reliability. Hence a 
reliability coefficient of at least 0.70 indicates appropriate reliability (Streiner & Norman, 
2008) based upon the instruments internal consistency, reliability (inter-rater, intra-rater 
and test-retest), and measurement error. 
 
Internal consistency measures the degree of interrelatedness among individual items 
subjected to the same test (Mokkink et al., 2010), thereby establishing the correlation 
between items responses and identifies whether the same construct is measured. 
 
The ‘test re-test reliability’ evaluates reliability of the test result when performed across 
different times, to either daily of weekly fluctuations based upon the assumption that no 
real change occurs on what is measured in-between (Scholtes et al., 2011). 
 
For new technology such as - the Spectromatch system (Coulorants EU Medical Devices 
Directives 93/42/EEC, 2007/47/EC, Class 1 Medical Device Accessory, CE mark) to be 
evaluated its reliability, or consistency and the repeatability of measurements for 
capturing the spectral reflectance of the skin must be identified. Secondly, it must be 
valid, thereby measuring what it claims to measure and produce such as a colour recipe 
(for silicone facial prostheses) for matching the patient’s skin colour. Thirdly it must be 
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responsive - therefore detect how well the colour recipe (prosthetics silicone samples) 
matches the individual patient’s skin (Mokkink et al., 2010a,c). 
 
A COSMIN framework, based on the psychometric validation theory, was adapted for the 
evaluating the Spectromatch system. This framework evaluates the main domains of 
reliability and validity as identified above (see Figure 3.1). 
 
Figure 3.1 The study framework - Quality of an instrument adapted COSMIN framework 
(www.cosmin.nl). 
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The COSMIN framework allows a stepped approach to testing through phases of study. 
This permits new scientific knowledge to be integrated into and potentially enhance the 
field of maxillofacial prosthetics practice. 
 
The next section will explain the rationale for two phase study design and chosen 
methodology. 
 
3.3 Rationale for two phased study design  
To address the research questions a quantitative experimental research design was 
chosen for this two-phased study (see Flowchart 3.1). A quantitative research method for 
data collection enables an objective evaluation in a quantifiable manner (Bowling, 2009). 
This method can adequately answer the research questions formulated earlier. 
Evaluating the new digital colour technology Spectromatch system enabled it efficacy for 
maxillofacial prosthesis colour formulation to be tested based upon the enhanced 
understanding of the concept of colour matching and the Spectromatch system obtained 
from literature review, presented in Chapter 2. 
 
Using experimental tests for Phase 1 and a custom designed quantitative questionnaire 
for the Phase 2 of the study permitted an objective and quantifiable evaluation of the 
Spectromatch system. This colour matching system has not undergone previous 
scientific evaluation within reconstructive maxillofacial prosthetics. Hence Phase 1 of the 
study evaluated the Spectromatch System’s spectrophotometer scanners measurements 
and recording of the patient’s skin colour and its ability to reproduce the patient’s skin 
colour and formulate a sample recipe. Phase 2 of the study identified the accuracy and 
acceptability of the colour match (silicone skin samples) to determine the base line 
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threshold, the Delta E value (∆E), for colour matching facial prostheses in four ethnic 
groups. Hence the level of agreement between participants colour perceptions by 
comparing a subject’s facial skin colour and the elastomer (silicone skin samples) 
produced from the colour match pigment-formulae created by the Spectromatch digital 
colour system. These experiments were fundamental to further clinical studies in this 
field, as they provided a standardised method for objectively evaluating two different 
methods of colour matching for facial prosthetics, thereby comparing artistic (human) 
and digital colour matching. 
 
3.4 Research design 
The following section explains in detail the two phased design, within the chosen 
methodology and how this assisted the development of the study methods (see 
Flowchart 31 and Table scheme 3.1). 
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Flowchart 3.1 Study Design Phase 1 and 2. 
Study Design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Volunteer subjects (n=8) skin colour scan 
    measurements, 6 scan each. 
i) Spectral data comparison of 48 
       scans / measurements; diagram plot 
ii) Produce various thickness 2 -14 mm 
       samples to measure optimal thickness for 
       each ethnic group. 
iii) Produce silicone samples, pigment   
        loading; 6 scans per subject; total  
        samples (n=48). 
i) Scanner / scan spectral data /  
       system reproducibility. 
ii) Optimal silicone sample thickness 
        for light and dark skin shades 
        representing four ethnic groups.  
iii) Reproducibility formulae silicone 
        sample. 
       
    Descriptive statistics  
Phase 2 Outcome 
 
Outcome 
 
Assessed for eligibility (n=8) 
Excluded (n=0) 
   Not meeting inclusion criteria 
(n=0) 
   Declined to participate (n=0) 
   Other reasons (n=0) 
Volunteer subjects skin colour scan 
   measurements (n=8) from phase 1. 
Scan/process silicone sample scan/formula 
   (baseline) (n=1). 
Create silicone samples (for each subject) 
   using ∆E error gradients values 0-8 in build 
   error L*=32, a*=32, b*=32, total=96.  
Assessor panel (n=12), visual equity colour  
    Test. 
Colour assessment of samples (n= 97), of 
    subjects (n=8) and by colour assessors    
    (n=12) in total 9312 observations. 
 Perceptibility /acceptability, skin- 
   silicone colour difference thresholds 
   ∆E values. 
 
Subject Enrolment 
Phase 1 
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Table Scheme 3.1. 
TABLE 
SCHEME 
 
RESEARCH 
DESIGN 
PARTICIPANTS METHOD DATA COLLECTION OUTCOME 
 
Phase 1 
 
(i) 
 
Establish scanner 
-skin colour 
formula  
reproducibility  
Volunteers subjects 
(n=8); 
White (n=2), Chinese (n 
=2), Asian (n =2), Black 
(n=2) 
 
Face colour-scan, 6 scans per 
subject at intervals of 5 
minutes; Total scans (n=48)  
Quantitative spectral 
data comparison of 48 
scans/measurements, 
descriptive statistics. 
Analysis SPSS 
Scanner / skin scan spectral 
data reproducibility. 
Inter scan variability in ∆E  
significant at p<0.5 
 (ii) Establish optimal 
silicone sample 
thickness for 
colour scanning 
 
Same as above  From face colour-scan, 
subjects =8 process a set of 7 
silicone samples of 2, 4, 6, 8, 
10, 12 and 14 mm thickness, 
for each subject;  
Total =56 silicone samples 
Scan silicone samples = 
56, on white and black 
background, ∆E value 
measurements =112 
(Spread sheet) 
 
Optimal silicone sample 
thickness with least ∆E  
values for both ethnic 
groups (light and dark) skin-
shade (measured under 
minimum and maximum 
interference white and black 
background) 
 (iii) Reproducibility of 
simulated skin-
silicone colour 
formula 
Same as above 
 
 
 
 
Process silicone samples 
from scan formula (pigment 
loading); 6 scans per subject; 
total samples =48; re-scan to 
measure ∆E value 
Pigment loading formula 
comparison of 48 scans;  
Comparison of ∆E value 
(Spread sheet) 
System formula 
reproducibility. Pigments 
loading reproducibility into 
silicone samples, and test 
∆E  value 
Phase 2 (i) Perceptibility and 
acceptability, 
colour difference 
thresholds in ∆E  
values for both 
skin and silicone 
Volunteers subjects 
(n=8); 
(as per 1 (i)  
 
 
Colour scan/process silicone 
samples for each subject =1 
scan/formula (baseline); 
Create silicone samples 
within built error (for each 
subject)  gradients ∆E  values 
0-8  
L*=32, a*=32, b*=32, T=1  
total (n=97) for each subject  
Spread sheet data 
For each subject =97 (1 
base + 96 in built error 
gradients) silicone 
samples; ∆E value 
measurements 776 in 
total 
 
Quantitative.  
A large amount of base line 
data to establish colour LAB 
difference thresholds for 
perceptibility and 
acceptability  
 (ii) Colour difference, 
perceptibility and 
acceptability 
threshold 
Assessor panel (n=12)  
(professional and lay 
person)  
Visual colour assessment of 
(n=776) samples against 
relevant subject skin by 
(n=12) colour assessors 
Questionnaire /scale- 
scores sheets 0 - 4, 
visual colour 
skin/sample output 9312 
observations 
Perceptibility/acceptability 
for skin/silicone  colour 
thresholds ∆E  values   
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3.4.1 Phase 1 Spectromatch system reproducibility 
Phase 1 of the study was developed to evaluate the reliability and validity of the 
Spectromatch system by assessing the reliability and reproducibility of the colour 
matching system by answering the first two research questions: 
 
1. Can the Spectromatch digital colour system spectrophotometer skin colour scanner, 
reproduce reliable skin colour formulae for maxillofacial prosthetics? 
2. What is the optimal silicone sample thickness (mm) for light and dark human skin 
shades, for digital colour measurements using the spectrophotometer scanner? 
 
Phase 1 of the study was further subdivided into three parts, thereby testing the 
Spectromatch process (see figure 3.2): 
 
Part (i) this part of Phase 1 determined the reproducibility of the subjects skin colour 
(spectral data) by the spectrophotometer (scan-skin colour measurements). 
Part (ii) this part of Phase 1 determined the optimal sample thickness for testing light to 
dark skin, on white and black backgrounds for four ethnic groups: White; Chinese; Asian; 
Black. This represented the major ethnic population of the catchment area of South-East 
London, is the study site and where the researcher’s Maxillofacial Prosthetics Unit 
services for the community of a major London NHS Trust. 
Part (iii) part three tested the reproducibility of the silicone simulated skin samples 
(medical elastomer and silicone colour pigments) formulated by the Spectromatch 
system software (Spectromatch System, Ltd.,). 
 
 
112 
 
Overall, Phase 1 was designed to test the Spectromatch instrument process (Fig. 3.2). It 
tested the quality of the spectrophotometer as a colour scanner and the reliability of the 
Spectromatch system for colour matching elastomer (silicone) samples for the fabrication 
of facial prostheses. This reflects Corciolani and Vichi (2006) view that computerised 
scanning technology requires the repeatability of the spectrophotometer investigating. 
 
Figure 3.2 Phase 1: The Spectromatch testing process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Spectromatch Digital Colour System 
Spectrophotometer 
(colour - scanner) 
Silicone sample is processed 
(to produce a facial prosthesis) 
Measures patient skin colour 
(captures spectral data) 
Spectromatch system software 
(formulates a pigment recipe) 
The formula recipe is weighed 
(produces a skin-silicone sample) 
Spectrophotometer reproducibility 
Formula reproducibility 
Sample reproducibility 
Part (i)  
Part (ii)  
Part (iii) 
Testing process 
(i)  
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3.4.2 Phase 2 Colour assessments 
Phase 2 of the study methods were developed to addressed the final (3) and (4) 
research questions: 
3. What are the perceptible and acceptable skin colour difference (silicone simulated skin 
samples) thresholds (∆E value) for maxillofacial prosthetics? 
4. Is there an association between human eye observed acceptable colour difference 
and digital colour ∆E value for facial prosthetics? 
 
Phase 2 of the study determined the perceptible and acceptable thresholds of the 
silicone sample colour match to human skin, using the judgments of a panel of colour 
assessors. To enhance the objectivity of Phase 2 data in a quantifiable manner, the 
Delta E (∆E) value was used to assess the system’s ability to colour match silicone 
samples for various ethnic groups’ skin colours. As described earlier, this is a single 
number that represents the 'distance' between two colors as a unit of colour difference. 
Delta E of 1.0 is the smallest color difference the human eye can see and any Delta E 
greater than 1.0 is noticeable, however, some color differences greater than 1 are 
perfectly acceptable, maybe even unnoticeable. To facilitate this the colour model theory 
(CIE L*a*b) was selected and adapted to assess silicone sample colour matching 
differences based upon Leow et als., (2006) work. Leow et als., (2006) study explored 
the perceptible and acceptable thresholds for a light and dark skin tone (hand 
prostheses), the design of the present study will be further explained in the methods 
section. This phase of the study set the scientific basis for reproducing and quantifying 
colour measurements as identified in the COSMIN criteria (Mokkink et al., 2010a), 
thereby establishing the baseline standards for colour measurements in maxillofacial 
prosthetics for White, Chinese, Asian and Black ethnic groups. Overall, Phase 2 also 
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addressed the two domains of reliability and validity of the Spectromatch digital colour 
system and determines the baseline for perceptible and acceptable colour threshold in 
Delta E (∆E) values by the human observer. 
 
In summary, Phase 1 of this study was designed to address the overall process of colour 
measurements and system reproducibility of subjects skin colour to determine the 
reliability and validity of this new technology for colour matching medical elastomers. 
Phase 2 was to determine perceptible and acceptable skin colour difference thresholds 
(∆E value) for maxillofacial prosthetics. Both Phases were designed to set the basis to 
further evaluation via future studies that may provide objective and robust evidence to 
support the adoption of a new way of clinical practice in a highly specialised area. 
 
3.5 Participant sampling and recruitment 
3.5.1 Phase 1 Participants’ recruitment - colour scanning 
A purposive sample of male and female subjects (N=8); White (Caucasian) n=2, Chinese 
n=2, Asian n=2, Black n=2, were invited and recruited from lay people and staff from a 
secondary care NHS Foundation Trust (UK). These variations in ethnic groupings were 
representative of the local patient population (light to dark skin). All potential participants 
were provided with a study information sheet (Appendix 2), explaining the research aims 
and processes and the requirement for one visit to the maxillofacial prosthetics 
department for skin colour scanning using the Spectromatch system. Those willing to 
participate were formally consented to participate in the study as per ethical 
requirements (see Appendix 3). Attendance at sessions was pre-arranged, with time to 
allow for the volunteer participants to co-ordinate their attendance for the colour 
scanning procedure (Appendix 4). 
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3.5.2 Phase 2 Participant recruitment - colour assessments 
For Phase 2 of the study, colour assessment a convenience sample of (n=12) 
participants, male and female, were selected. Prospective colour assessors were 
recruited from a NHS Hospital staff who volunteered to participate in this study. All 
participants were provided with information on the study (Appendix 2) and formally 
consented (see Appendix 3). Participants were also informed about how they will be 
contacted to attend the colour testing measurements and assessment sessions. 
Attendance at sessions was pre-arranged with time to allow for the volunteer participants 
to co-ordinate their attendance (Appendix 4). 
 
3.5.3 Participant inclusion and exclusion criteria 
Participants’ were selected using the inclusion and exclusion criteria identified in tables 
3.1 and 3.2. 
Table 3.1 Subject selection for phase 1 and 2 of the study. 
Inclusion criteria Exclusion criteria 
 Subjects able to attend skin colour-
scanning procedures and colour 
assessments at specified intervals. 
 Subjects representing White, Chinese, 
Asian and Black facial skin. 
 Subjects unable to commit to the study plan. 
 Subjects of mixed race. 
 Subjects with skin discolouring disease. 
 Subjects with language difficulty. 
 
Table 3.2 Colour assessor panel for phase 2 of the study. 
Inclusion criteria Exclusion criteria 
 Assessors able to attend for colour 
assessments at specified intervals. 
 Assessors tested with good colour equity.  
 Assessors unable to commit to the study plan. 
 Assessors tested with colour equity 
deficiency. 
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To fulfil the selection criteria for Phase 2 colour assessments, all the prospective 
assessors were tested for colour blindness using the Farnsworth-Munsell 100 Hue test - 
X-rite colour blindness kit (X-rite Worldwide IT Ltd. T/A D G Colour, Warminster, 
Wiltshire, UK) (Fig. 3.3). The Farnsworth-Munsell 100 Hue Test is an easy-to-administer, 
previously validated test for measuring an individual's colour vision by evaluating and 
ranking human colour acuity. This portable, 15-minute test uses scoring software 
evaluating the individuals colour vision, for deficiencies such as colour blindness. 
Furthermore it separate individuals with normal colour vision into classes of superior, 
average and low colour discrimination. Additionally it measures the zones of colour 
confusion in colour defective individuals. Potential participants with deficient visual colour 
equity were excluded (see 3.4.6.2.1.1 for method detail). 
 
Figure 3.3 Farnsworth-Munsell 100 Hue test - X-rite colour blindness kit. 
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3.5.4. Statistical statement 
A sample of eight volunteers subjects were selected for calibration of the Spectromatch 
Digital Systems for Phase 1 and 2 of the study. Full descriptive statistics were computed 
and analysed using STATA and SPSS statistical package. Each of the variables were 
analysed and univariate descriptive statistics were used to provide an overall picture of 
the data (Munro, 2005). Continuous variables were presented as mean and standard 
deviation. The primary analysis (spectrophotometer / spectral data repeatability) was 
based on the correlation of six scans taken, three measurements each scan, at fixed 
intervals with the spectrophotometer for each of the eight subjects; in total 48 scans. 
 
Phase 1 - means: The probability is 80% that a sample size of 48 will produce a two-
sided 95% confidence interval with a distance from the mean to the limits that is less 
than or equal to 0.100 if the population standard deviation is 0.3. 
Phase 1 - correlation: A sample size of 48 produces a two-sided 95% confidence 
interval with a width equal to 10% when the sample correlation is at least 90%. 
Phase 1 - sample thickness: The probability is 0.800 that a sample size of 56 will 
produce a two-sided 90% confidence interval with a distance from the mean to the limits 
that is less than or equal to 0.200 if the population standard deviation is 0.880. 
 
Phase 2: The probability is 80% that a sample size of 776 (8*97) will produce a two-
sided 98% confidence interval with a distance from the mean to the limits that is less 
than or equal to 10% if the population standard deviation is 1.200. 
* Ninety seven silicone samples for each subject. 
 
 
118 
 
3.6 Materials and methods  
3.6.1 Phase 1 Spectromatch system reproducibility 
Phase 1 of the study was designed to establish three factors: 
(i) Evaluate the skin colour scan equipment and identify a standardised method for 
scanning (test re-tests). The reproducibility of spectral data produced by the 
spectrophotometer. 
(ii) The minimum (optimal) silicone sample thickness for testing. 
(iii) The reproducibility of the colour scans formulae (palette colour) from the four 
selected ethnic groups: White (Caucasian); Chinese; Indian; and Black. 
 
Each part of the study’s methods will now be presented in terms of the equipment, 
method, data collection and statistical analysis undertaken. This permitted the collection 
of skin colour data which was representative of the study site’s local population by 
testing the Spectromatch digital colour system ability to reproduce the subjects’ skin 
colour or the spectral reflectance response. It was to test the reliability of the 
spectrophotometer (Konica Minolta 2300D) for measuring skin colour. Hence any 
potential limitations in the captured data (data input) or manufacturing process (output) 
were identified, when producing silicone samples for facial prostheses within the colour 
palette range of spectral data within the Spectromatch system software. 
 
3.6.1.1 Phase 1 part (i) Spectrophotometer colour scan reproducibility 
Equipment: The Konica Minolta 2300D hand-held spectrophotometer, d/8 (diffuse 
illumination, 8-degree viewing angle) (Fig. 3.4), with the Spectromatch colour system 
software (Spectromatch Ltd.,) (Fig. 3.5), was employed, to measure the skin colour in 
CIELAB tristimulus values. The Spectrophotometer was placed in contact with the 
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participant’s skin. The room lighting was set to the CIE standard D65 to simulate skin 
colour in daylight conditions. Calibration was performed against a white calibration plate 
(CM-A145) before each set of measurements. 
 
Method: Each subject’s facial skin colour was measured at the forehead (glabella), 
using the hand-held spectrophotometer-scanner (Konica Minolta 2300D, Spectromatch 
Ltd., UK) (Fig. 3.6). This tested the reliability and internal consistency of the colour 
matching by assessing the extent to which the spectrophotometer measured the same 
construct i.e. scans - skin spectral data with freedom from random error. Each participant 
had an average of 3 measurements performed for each scan. To facilitate the required 
number of scans for statistically meaningful information each scan was repeated six 
times (n=6), at five minute intervals. This addressed the need for test-retest reliability, 
where the spectrophotometer-scanner measurements were measured at different time 
periods when nothing else has changed (Bowling, 2009; Kimberlin & Winterstein 2008). 
 
Figure 3.4 Konica Minolta spectrophotometer 2300D model. 
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Figure 3.5 The Spectromatch Pro digital colour system - software.
 
 
Figure 3.6 Subject skin scanned at the glabella, using a Spectrophotometer; Konica 
Minolta 2300D. 
 
    
 
Data collection: The Colour-Cal 2300 (Spectromatch, Ltd.) uses a customised bespoke 
software programme used in conjunction with the Spectrophotometer Konica Minolta 
2300D in the Spectromatch digital colour system Ltd., (Table 3.2). It is used to obtain 
Glabella 
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CIE colour differences in CIE Delta E values, in CIE De1976, CIE De 2000, and CIE De 
CMC (see Table 3.3 for an example). The raw spectral data of each scan were 
measured against the spectral data of a mean ( ) scan of the relevant subject. The 
obtained respective ∆E values CIE CMC assessed the reproducibility of subjects’ skin-
scans. 
Table 3.3 Colour scan reproducibility, Colour-Cal 2300 - Comparison for L*a*b* CIE, 
colour differences CMC Delta E values for Subject 1, scan 1 versus scan 2. 
 
CIE Colour Differences     
CIE De1976     
ΔL Δa Δb ΔE (1976)     
0.1524 0.3374 0.5495 0.66     
CIE De2000     
ΔL ΔC ΔH ΔE (2000)  C a' b' 
0.1524 0.7349 0.0394 0.46  13.22859 10.81377 10.92882 
CIE DeCMC     
ΔL/SL ΔC/SC ΔH/SH ΔE (CMC)  Delta L Delta A Delta B 
0.0145 0.2251 0.0037 0.49  -0.15 0.34 0.55 
 
All scan measurements were recorded in the Spectromatch system for L* (lightness-
darkness), a* (green/red), and b* (blue/yellow) axes of colour, based on the Commission 
International De L’Eclairage L*a*b* system. The L*a*b* colour values recorded for each 
measurement consisted of an average, of three skin colour scan-measurements. The 
spectral data for each scan (the average of three measurements) representing the 
spectral curve consisted of 31 spectral reflectance or relative reflectance response 
values that range from 400 to 700 nm; in the software system. 
 
Individual scan spectral data (400 - 700 nm) of the 48 scans was digitally stored in the 
computer system following standard measurement procedures, as recommended by the 
Spectromatch system company (Spectromatch System, Ltd.,). A total of 1488 spectral 
data values were obtained for the eight subjects to meet the statistical requirements 
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identified earlier. All the scan procedures were dated and logged in the research log 
book. These values were exported to an MS Excel spread sheet for data analysis. 
 
Data analysis: Statistical analysis to test the correlations between colour scans was 
performed using SPSS for windows and STATA. All spectral raw data were statistically 
analysed using Stata for one-way analysis of variance (ANOVA); Stata adds Bartlett’s 
test for equal variance. To examine the relationship between the scan measurements 
from each subject, Spearman’s and an analysis of variance were applied. 
 
3.6.1.2 Phase 1 part (ii) Silicone-skin sample thickness 
This part of the study determined the required minimum thickness of an optimal silicone 
sample (medical grade silicone M511, Technovent Ltd. UK) for colour matching and 
testing facial prosthetics. Thereby facilitating accurate colour measurements for four 
ethnic groups: White (Caucasian); Chinese; Asian; and Black (see Flowchart 3.1, and 
Table scheme 3.1) and their validity across different cultures. 
 
Method: A laboratory study was undertaken based upon the eight subjects scanned 
data from four ethnic groups. The silicone simulated skin samples with precise 
dimensions were processed using moulds custom designed by the author and fabricated 
by the Medical Engineering Department, University College Hospital, NHS Trust (UCLH), 
London (Fig. 3.7. a-b). Two aluminium metals moulds were used. The first mould 
measured 220 x 110 x 40 mm and contained four 60 x 25 mm mould shapes, with 2, 4, 
6, 8 mm depth cavities. The second mould measured 175 x 110 x 40 mm and contained 
three 60 x 25 mm mould shapes with cavities 10, 12, and 14 mm deep.  
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Figure 3.7 Two custom designed aluminium metals moulds; a) one with four cavities of 
2, 4, 6, 8 mm deep; and b) the other metal mould with 10, 12, 14 mm, depths to process 
the silicone samples of required thickness. 
 
  
 
 
Customised pigment formulae recipes were derived using the Spectromatch Pro 
software (Fig. 3.8) based upon the first skin colour scanned readings obtained from each 
of the eight subjects. The pigment loading formula was selected for weighing process as 
illustrated in Figure 3.9. 
 
 
 
 
a b 
a b 
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Figure 3.8 A subject, Spectromatch system computed skin-scan formulae. 
 
 
Figure 3.9 A subject, Spectromatch system pigment-loading formulae. 
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Based on the recipe the respective pigments; a set of 7 (25mm x 60mm) silicone 
samples of 2, 4, 6, 8, 10, 12, 14 mm thickness for each subject, were weighed by the 
Spectromatch digital balance (Fig. 3.10). The samples (n=56) were mixed with the 
Speed Mixer™ Dac 150FVZ-K SIEMENS; Syndev ® (Fig. 3.11), and dry cured at 110º C 
in the oven Memmert UFE 600; Memmert GmbH + Co.KG; Germany (Fig.3.12), following 
the manufacturers recommendations (Medical grade elastomer M511, Technovent, Ltd., 
UK). A total of 56 silicone samples of a specified thickness were processed (Fig. 3.13). 
 
Figure 3.10 A silicone sample being weighed from the L*a*b* formulae recipe. 
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Figure 3.11 A silicone sample being processed with the Speed Mixer™ Dac 150FVZ-K 
SIEMENS. 
 
 
Figure 3.12 Silicone samples cured at 110º in a dry oven, Memmert UFE 600. 
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Figure 3.13 Medical elastomer silicone samples n=56; a) two White subjects in the 
various thickness; and b) eight subjects, two White, two Chinese, two Asian and two 
Black. 
 
 
 
 
Data collection: Measurement of CIE L*a*b* and the corresponding ∆E values for 
sample thickness. The processed silicone samples (n=56) were scanned with the 
spectrophotometer, against white and black backgrounds (Elle Erre Card, White & Black, 
220g, Ryman Ltd., UK) to obtain their respective CIE L*a*b* and the corresponding ∆E 
values. In total, 112 measurements were taken, consisting of 56 measurements against 
a white background (Fig.3.14) and 56 measurements against a black background (Fig. 
3.15).  
a 
b 
Black White Chinese Indian 
White subject 
2 mm 4 mm 8 mm 6 mm 10 mm 12 mm 14 mm 
2 mm 
4 mm 
6 mm 
8 mm 
10 mm 
12 mm 
14 mm 
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Figure 3.14 a) Light, and b) dark, medical elastomer (silicone) samples, 2 and 14 mm 
thick, on white background, were scanned with the Minolta spectrophotometer 2300D. 
 
  
  
 
Figure 3.15 a) Light, and b) dark, medical elastomer (silicone) samples, 2 and 14 mm 
thick, on black background, were scanned with the Minolta spectrophotometer 2300D. 
 
 
   
b 
a a 
b 
b b 
a a 
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Data Analysis: The ∆E of each sample was computed and compared with other 
samples and statistically analysed applied the T-test, using SPSS, to test the 
significance of difference within the samples. Additionally the mean ( ) and standard 
deviation (SD) were computed. This permitted the minimum (optimal) sample thickness 
to be identified, allowing for a standardised colour scan-measurement procedure for 
Phase 1 part (iii); and for the subsequent Phase two. This was defined as the sample 
with a ∆E value nearest to 0 (perfect match) in all the samples obtained from the 
participants in Phase 1 part (ii). 
 
3.6.1.3 Phase 1 part (iii) - Formula pigment loading reproducibility 
This part of the study tested the reproducibility of simulated skin-silicone samples 
processed from the scan spectral data and the given formulae (palette colours) 
processed (with a specific thickness) by the Spectromatch software system, for the four 
ethnic groups selected for the study. 
 
Method: Based on the results obtained from the previous section 3.6.2. Part (ii), two 
aluminium metals moulds (210 x 110 x 40 mm) with eight cavities of 8 mm depth were 
specifically designed by the author and custom made for this part of the study by the 
Medical Engineering Department, University College Hospital NHS Trust, London 
(Fig.3.16). Using these moulds, silicone samples (n=48) measuring 60 x 25 x 8 mm were 
prepared (Fig.3.17) based on the pigment loading formulae from each of the 48 skin-
scan taken for the eight subjects using the same method as described previously in 3.6.2 
Part (ii) section. The processing of the silicone samples were undertaken as per the 
manufacture’s recommendations (Spectromatch System, Ltd., UK), and described in 
3.6.2. Part two: ‘Optimal silicone-skin sample thickness’ section.  
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Figure 3.16 Custom designed two aluminium metals moulds; with four cavities each 
mould; with insertions of 8 mm thickness to process the silicone samples. 
 
 
Figure 3.17 Medical elastomers (silicone) samples of 8 mm four ethnic groups; (a) white, 
(b) Chinese; (c) Indian; and (d) Black. 
  
   
Indian - Black - 
c d 
8 mm 8 mm 
White - Chinese - 
a 
8 mm 8 mm 
b 
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Data collection: The processed 8 mm thickness silicone-skin samples, (n=48) (Fig. 
3.17) were scanned with the spectrophotometer to obtain their respective ∆E values 
against their base colour spectral data. 
 
Data analysis: Spectral data against the ∆E of each sample were computed and 
analysed to determine the system’s ability to predict pigment loading formulae to 
reproduce skin colour for the four ethic groups (Fig. 3.18). For the sample reproducibility, 
the t-Test (SPSS) programme was used to test the significance of difference within the 
samples. The mean ( ) and standard deviation (SD) was computed. 
 
Figure 3.18. Medical elastomers (silicone) samples of 8 mm thickness for four ethnic 
groups; White, Chinese; Indian and Black. 
 
 
 
3.6.2 Phase 2 Perceptible and acceptable colour Delta-E 
The Phase 2 of this study was also undertaken in two parts. Part (i) was undertaken to 
compute, create and process a colour gradients samples with built in errors at a scale of 
∆E for each volunteer subjects. Part (ii) was to test and verify the visual acuity of the 
prospective colour assessors’ panel volunteers; and to undertake the colour assessment 
of the inbuilt error gradient samples against the subjects’ skin by randomly selected 
colour assessors. The assessors scored the colour match using a custom designed 
Indian Black White Chinese 
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questionnaire (Appendix 5). This was to establish human-eye perceptible and acceptable 
thresholds for colour match difference for skin-silicone in ∆E values using the 
Spectromatch system. 
 
3.6.2.1 Phase 2 part (i) Fabrication of inbuilt error gradient samples 
The next section will describe the method for the colour model and the in-built colour 
error gradient silicone samples fabrication. 
 
Method: Design of a gradient error model for determining the perceptible and acceptable 
colour ∆E threshold in a colour L*a*b*. 
A gradient error model was designed by the author to determine the perceptible and 
acceptable colour ∆E threshold in a colour L*a*b*. This consisted of an in-build colour 
gradient error-deviation from base colour of: 0.5; 1; 1.5; 2; 2.5; 3; 3.5; 4; 4.5; 5; 5.5; 6; 
6.5; 7; 7.5; 8 ∆E values, in each L*a*b* coordinates for L* n=32 [16 (+) and 16 (-)]; for a* 
n=32 [16 (+) and 16 (-)]; and for b* n=32 [16 (+) and 16 (-)]; in total n=96 values. 
 
These were:  
 L* = 0 - 100 (darkens – lightness);  
 a* = green/red (+) is red, (-) is green);  
 b* = blue/yellow (+) is yellow, (-) is blue (see figure 3.19). 
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Figure 3.19 A L*a*b* coordinate values on a customised scale designed for phase two, 
create sample with in build error gradients scale 0-8 at 0.5 ∆E increments for colour 
assessment; where 0 ∆E, was subject’s colour. 
 
  
Yellow 
Red Blue 
Green 
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For each subject, the spectral data of the first skin colour scan-measurements from the 
Phase 1 part (i) of the study were selected as the base colour (Fig. 3.20); and 
electronically transmitted to the Spectromatch System Ltd. The operator electronically 
computed and formulated the specified ∆E error gradients from each of the eight 
subjects, in phase one part one’s, base spectral data (Fig. 3.21). 
 
Figure 3.20 A subject scan spectral data L*a*b* coordinates. 
 
 
 
Once the inbuilt ∆E error gradients spectral data were received for all the subjects (n=8), 
the data were loaded and imputed on the Spectromatch system software in the clinical 
room; and a formula recipe created for each gradient (Fig. 3.22). For each skin colour 
formula (Fig. 3.23), a 10 gram elastomer (silicone) sample was processed following 
manufacturer recommendations (Medical grade elastomer M511, Technovent Ltd. UK), 
as per previously describe on Phase 1 part (ii) (Fig.3.24 and 3.25); in total ninety seven 
medical grade silicone samples for each subject. 
135 
 
Figure 3.21 Inbuilt error gradient from base colour silicone sample on L*a*b* 
coordinates. 
 
  
Base colour 
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Figure 3.22 A subject’s skin colour formula L*a*b* coordinates. 
 
 
 
 
Figure 3.23 A subject’s skin colour formula colour palette. 
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Figure 3.24 A subject’s formula weighed. 
 
 
 
 
Figure 3.25 A subject’s weight of sample mixed 10 grams. 
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The silicone mixes samples were loaded in to specifically designed aluminium metal 
moulds, of 110 mm Ø, with four recess/cavities of 25 mm Ø and 8mm thickness 
respectively (see figure 3.26). The recipe samples were processed, as described in 
Phase 1 part (ii) of the study with the Speed Mixer™ Dac150FVZ-K SIEMENS; Syndev®, 
and dry cured at 110º C in the oven Memmert UFE 600; Memmert GmbH + Co.KG; 
Germany, following manufacturer recommendation (Medical grade elastomer M511, 
Technovent Ltd. UK) (see Figure. 3.27). 
 
Figure 3.26 Silicone samples being loaded into metal moulds of 110 mm Ø, with four 
cavities of 25 mm Ø and 8mm thickness respectively. 
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Figure 3.27 Silicone samples placed in the dry oven, and cured at 110º. 
 
 
 
The silicone samples (see figure 3.28) represented the previously described L*a*b* 
coordinates: 
 L* n=32, sixteen lighter and sixteen darker; 
 a* n=32 (red + to green -); 
 b* n=32 (yellow + to blue -); 
 T=1, the true colour (base colour sample). 
 
In total (n=97) samples for each subject, and (n=776) for the eight subjects from four 
ethnic groups were processed for the colour assessment procedure (see figure 3.28). 
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Figure 3.28 Silicone samples (n=97) of a subject with in built error of various gradients 
CIE L*a*b* coordinates from a formula recipes. 
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3.6.2.2 Phase 2 part (ii) Visual colour test for colour assessors 
To verify and test the visual acuity of the prospective colour assessors panel volunteers. 
Method: Prospective colour assessors were a convenience sample (n=12) recruited 
from a NHS Hospital staff who volunteered to participate in this study. To fulfil the 
selection criteria for the colour assessments, all the prospective colour assessors (n=26) 
were invited and tested for colour blindness using the Farnsworth-Munsell 100 Hue test - 
X-rite colour blindness test kit (Fig. 3.29) prior any study colour assessments sessions. 
 
The test consists of a range of four trays of coloured caps in hue order. The coloured 
tabs with a subtle difference in shades were randomised and rearranged by the colour 
assessor in the correct sequence that conforms to a range of colour scheme (Fig. 3.30). 
The colour acuity tests were performed in a clinical room where the viewing environment 
was standardised for colour assessments. The walls of the room were painted in neutral 
grey matt paint equivalent to Munsell 8 and with a D65 lighting condition. 
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Figure 3.29 The Farnsworth-Munsell 100 Hue test - X-rite colour blindness test kit. 
 
 
 
 
Figure 3.30 The four coloured tabs rearranged by a prospective colour assessor. 
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Data analysis: The prospective colour assessors tests were analysed by the 
Farnsworth-Munsell 100-Hue - Test Scoring Software (X-rite Worldwide IT Ltd. T/A D G 
Colour, Warminster, Wiltshire, UK.); (see table 3.4). This programme can display the 
results in graphical data, illustrating how well they discriminate colour and identifying any 
colour vision deficiency area (see table 3.5). The colour acuity test results for the 
participants (n=26) ranged from below average to excellent. Out of the 26 participants 2 
were identified as having colour blindness and were therefore excluded from the study 
(see table 3.5; subject 1001 for an example). A convenience sample, based upon the 
participants availability to undertake the second part of Phase 2 of the study, of 12 
participants (n=12) were selected for the next part of the study. Participants’ age ranged 
from 22 to 45 years; 8 females and 4 males participated. Accepted volunteers were 
consented and were randomly assigned an assessor number for anonymity. All 
participants consented to be colour assessors for the Phase 2 of the study. 
 
Table 3.4 Farnsworth-Munsell 100 Hue test - X-rite Inc. colour blindness analysis, a 
subject test sample. 
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Table 3.5 Colour test assessment and subjects test samples. 
 
Subject - 1001 
Reference - Test 1 
Date of Test - 26/6/2012 
Serial Number - 55573400211 
Comments - MPT 
Test Duration - 7.0(mins) 
Total Error Score (TES) = 204 
Classification = Low Discrimination 
 
 
Subject – 1002 
Reference - Test 1 
Date of Test - 26/6/2012 
Serial Number - 55573400211 
Comments - MPT 
Test Duration - 7.0(mins) 
Total Error Score (TES) = 64 
Classification = Average Discrimination 
 
 
 
Subject – 1003 
Reference - Test 1 
Date of Test - 26/6/2012 
Serial Number - 55573400211 
Comments - MPT 
Test Duration - 8.0(mins) 
Total Error Score (TES) = 12 
Classification = Superior Discrimination 
 
 
Subject – 1004 
Reference - Test 1 
Date of Test - 26/6/2012 
Serial Number - 55573400211 
Comments - MPT VT 
Test Duration - 8(mins) 
Total Error Score (TES) = 48 
Classification = Average Discrimination 
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3.6.2.3 Delta E Colour assessments - Delta E 
 
The next part of this Phase 2 part (ii) of the study evaluated the colour perceptibility and 
acceptability, assessed by a panel of lay colour assessors (n=12), between participants’ 
natural skin colour at the glabella (forehead) and elastomer (silicone) skin specimens 
(samples) colour. This baseline data was essential to test success or failure of any ethnic 
prosthetics treatment, a key driver for the implementation of this new technology at the 
study site. 
 
The simulated silicone skin samples were fabricated with an inbuilt colour gradient error 
in Delta E (∆E) values derived and computed from each subject’s first scan, as per 
previously describe on phase 2 part (i) this helped identify perceptible and acceptable 
colour matches in simulated facial prosthetic medical grade elastomers. 
 
Method: Colour assessments by colour assessors 
Colour assessments for each of the eight subjects were scheduled in two sessions. The 
twelve colour assessors were randomly assigned into two groups A and B, were invited 
to the scheduled sessions for colour assessment (Appendix 4). Colour assessments 
were performed in a clinical room where the viewing environment was standardised. The 
walls of the room were painted in neutral grey (mat paint), the equivalent to Munsell 8; 
D65 lighting conditions. 
 
Data collection: The colour assessment procedure was explained to the panel of 
colours assessors (n=12) six sat each session; they were instructed about completion of 
a Likert style questionnaire for colour assessment (Appendix 5). For each subject, all 
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ninety seven silicone samples were placed and mixed in a stainless steel tray (Fig. 3.31), 
using a dental probe as a handle to avoid potential contamination of colour samples Fig. 
3.32). The operator placed each silicone sample against the participant’s forehead, at 
the glabella, in a random order (Fig. 3.33). Participants were sat upright in a dental chair 
and assessors stood in front of the subject at 1.5 meters viewing distance. This 
represented the standard distance for human contact / encounter. 
Figure 3.31 Ninety seven silicone samples of a subject. 
 
 
Figure 3.32 A subject silicone sample with a dental probe handle. 
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The colour assessors gave their assessment of colour match using the designed 
questionnaires’ (Appendix 5) (Fig. 3.34), in total n=97 samples were judged / scored by 
the twelve colour assessors for each of the eight subjects. The judgment scores of the 
colour assessors were collected via a custom designed questionnaire and this was 
coded to represent the CIE L*a*b* coordinates. The samples representing the CIE L*a*b* 
coordinate as previously described; L* n=32; a* n=32; and b* n=32; and the master base 
subject colour, the true colour T=1. 
Figure 3.33 A subject, a silicone sample on the forehead for colour assessment. 
 
 
 
Figure 3.34 A subject and the colour assessment panel. 
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3.6.2.4 Data collection - Subjective data collection methods for evaluating the colour 
match of digitally produced silicone samples. 
 
A Likert scale (Likert, 1932) questionnaire was developed to evaluate the inter-rater 
agreements using the scale: ‘0 = very poor colour match’; ‘1 = poor colour match’; ‘2 = 
poor colour match but acceptable’; ‘3 = good colour match’; ‘4 = excellent colour match’. 
This numerically divided participants colour match assessments to provide a deeper 
understanding of the phenomenon being research (Leow et al., 2006; Paravina et al., 
2009; Seelaus et al., 2011). The score ‘2 = poor colour match but acceptable’ was 
considered the cut-off for acceptability. 
 
Although the Likert scale can indicate the ordering of different people agreements, it did 
not precisely identify the degree of inter-rater agreement; however it did provide ordinal 
data. The questionnaire (Appendix 5) was purposely designed to assess each of the 97 
silicone samples; 1 base (first scan) and 96 scans, with an inbuilt gradient error on the 
CIE L*a*b* coordinates fabricated by the Spectromatch software colour formulae output 
data (computed by the Spectromatch Ltd., company). The inbuilt colour gradients on the 
CIE L*a*b* colour parameters permitted the collection of colour assessors judgments for 
each gradient, thus acting as a ruler for measuring the CIE L*a*b* colour parameters. 
The aim was to determine the perceptible and acceptable colour match by human eye of 
silicone gradient skin samples, using Delta E (∆E) threshold values, where the master 
(true) colour =1. Although Delta E (∆E) values measure what is visually acceptable by 
humans, there remains a lack of research literature testing Delta E (∆E) thresholds using 
the Spectromatch advanced digital technology. 
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3.6.2.5 Data collection - Objective data collection methods for evaluating colour 
differences of silicone-skin samples and scan-recipe baseline. 
 
The digitally produced silicone-skin samples (medical grade elastomers) were examined 
to evaluate the colour difference in ∆E values, using the intervention L* a* b* direction of 
CIELAB colour coordinates. Where L*=32, represented the lightness (+) and darkness (-) 
axis; a*=32, (+ a) represented red (- a), represented green colour; b*=32, (b +) 
represented yellow and (b-) blue. Thereby testing the reliability of this research method 
for evaluating the human eye sensitiveness’ to colour perception as advocated by 
Bowling, (2009) and Leow et al., (2006). Additionally the perceived acceptance of the 
fabricated simulated silicone skin samples of various ethnic groups were evaluated 
(Wisker, 2008). The colour model L* a* b* direction of CIELAB and the data collection 
methods was adapted from studies by Leow et al., (2006), Paravina et al., (2009), 
Seelaus et al., (2011), thereby enhancing the reliability of the data collection methods. 
 
To establish the threshold for “perceptible / acceptable colour difference” for each L*a*b* 
coordinate, colour parameter tests were performed comparing each sample score to the 
baseline using the full range of the scoring system (0 to 4). The assessment score of “2” 
(acceptable) was used as the threshold for “acceptable colour difference”. To determine 
whether there was a significant difference in how human / colour assessors perceive 
colour difference for four ethnic groups; White, Chinese, Indian and Black ethnic shade 
silicone samples. To which an estimation of a non-linear system equation test were 
performed to assess the distribution of frequencies against the assumption of equal 
probability for colour assessed volunteer subjects’ sensitivity to colour difference 
between the two tests. A regress assessor “colorparam”- quadratic formula equation for 
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two ways analysis was applied (Fig. 3.35). The L*a*b* coordinates were presented 
STATA scatter two way analyses. First to define the threshold at various individual 
L*a*b* coordinates separately, L*, a*, and b*; and then all L*a*b* Delta E threshold, all 
subjects, for four ethnic groups. 
 
Figure 3.35 The quadratic formula equation. 
 
 
ax
2
 + bx + c = 0 
 
 
For the perceptible and acceptable colour difference ∆E markers, descriptive statistical 
analysis were performed using SPSS for windows and STATA, with a statistical 
significance set at (p<0.05). All spectral raw data was statistically analysed using Stata 
for one-way analysis of variance (ANOVA); Stata adds Bartlett’s test for equal variance. 
Descriptive statistics for the responses (scores) were presented using graphs and charts. 
 
3.7 Ethical considerations 
Ethical approval was sought and obtained from the NHS Research Ethics Committee 
(REC) and from the relevant institutions. The REC study reference number was 
12/LO/0298 (Appendix 6). The Hospital NHS Foundation Trust, Research & 
Development Department study reference number was: KCH12-056 (Appendix 7), where 
the chief investigator is employed and the study was undertaken. In addition, approval 
was also obtained from the Research & Development Department, Surrey University 
(Appendix 8); where doctoral study was being undertaken by the chief investigator. 
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The participants were informed about the purpose of the study, including their role in the 
study, through the study information sheet (Appendix 2). The participants’ informed and 
written consent (Appendix 3) was secured before participation in the study. The 
volunteer subjects were informed that the colour scan is a non-invasive procedure and 
did not to cause any pain or discomfort. Prospective colour assessors were informed in 
the information sheet of the purpose of the study and their role (Appendix 3). They were 
informed that they were to assess volunteer subjects that would represent four ethic 
groups. They have had the opportunity to verbally inquire and discuss with the chief 
investigator any issues before and after participating in the study. 
 
Participants’ privacy and their rights to withdraw from participation at any point during the 
project without prejudice to their care, if any, were respected. Any study related 
questions were answered and, if the subject expressed interest in participating, then they 
were asked to give written consent (Appendix 2). If any changes to the research study 
were needed, the participants were informed and able to decide if they wish to continue 
to take part in the study. Participants were assured that data was to be kept confidential 
and that it will not be released after the research for any other purpose or use without 
approval from the participants. 
 
The participants in this study consisting of volunteers’ subjects may benefit by acquiring 
understanding of how advance colour science technology for the application in the 
medical field may improve the practice of colour matching facial prostheses. 
The research protocol was adhered to by chief investigator in order to minimise any risks 
or burdens to participants (Hutchinson, 2009). 
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3.7.1 Data handling and record keeping 
A study file was set up to keep all documentation. This file was kept in a key-locked 
cabinet at the Craniofacial Prosthetics Unit, at a Hospital NHS Foundation Trust, and 
only accessed by the chief investigator. The chief investigator kept a subject enrolment 
log at the study site, subjects names were coded to keep subjects' confidentiality. 
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Chapter 4 Results 
 
The results of Phase 1 and Phase 2 of the study follow in order sequentially, testing each 
of the research questions presented in Chapter 2. 
 
4.1 Phase 1 Spectromatch system reproducibility - system testing 
Phase 1 of the study evaluated the ability of the “Spectromatch system” to reproduce 
subjects from different ethnic groups’ skin colour using the inbuilt colour scanning and 
colour mixing technology. 
 
4.1.1 Part (i) Spectrophotometer colour scan reproducibility 
Phase 1 part (i) of the study addressed the first research question: 
“Can the Spectromatch system spectrophotometer skin colour scanner, reproduce 
reliable skin colour formulae for maxillofacial prosthetics?” 
 
Sample collated and compared the reproducibility of the spectral data skin colour scans 
for subjects from four ethnic groups, White; Chinese; Asian; Black using the Delta E 
CMC “colour-cal” formula. This compared each subject’s skin colour scan with the 
spectral data using descriptive statistics, to demonstrate the mean ∆E value and the 
standard deviation SD (see table 4.1). 
 
When comparing the skin colour scans versus spectral data, the mean ∆E and SD for 
the individual subjects were: subject 1, (2.07 ± 1.40); subject 2, (0.71 ± 0.32); subject 3, 
(1.18 ± 0.54); subject 4, (1.16 ± 0.45); subject 5, (1.62 ± 0.77); subject 6,(1.24 ± 0.71); 
subject 7, (1.12 ± 0.72); and subject 8, (1.33 ± 0.73) (table 4.1). 
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Across the different ethnic groups subject two in the White ethnic group had the most 
reproducible scans, with ∆E values of (0.71 ± 0.32). In comparison subject one from the 
same ethnic group had a ∆E value of (2.07 ± 1.40) indicating the lowest reproducibility of 
scans. Table 4.1., demonstrates that the ∆E values for all subjects were close to 1, 
thereby showing good reproducibility. 
Table 4.1 Eight subjects, skin colour scan versus the scan spectral data Delta E CMC, 
 Mean and SD. 
 
Table 4.2, illustrates the ∆E Scan results 1 to 6 for the eight subjects. The mean ∆E and 
SD for subject 1 was (1.43 ± 0.63); subject 2 (0.47 ± 0.21); subject 3 (0.75 ± 0.40); 
subject 4 (0.75 ± 0.31); subject 5 (1.01 ± 0.61); subject 6 (0.75 ± 0.53); subject 7 (0.68 ± 
0.54); subject 8 (0.90 ± 0.44). 
Table 4.2 Scanner reproducibility Mean ∆E V Scan1 - 6 for 8 subjects. 
 
∆E CMC Sub 1 Sub 2 Sub 3 Sub 4 Sub 5 Sub 6 Sub 7 Sub 8
Scan 1V2 0.49 0.88 1.65 0.32 0.9 1.77 1.1 0.53
Scan 1V3 0.66 0.39 1.75 1.12 1.49 0.8 0.74 0.37
Scan 1V4 0.42 1.17 0.69 1.68 1.58 0.82 0.84 2.05
Scan 1V5 3.19 0.43 0.52 0.81 3.14 0.85 1.02 1.11
Scan 1V6 3.52 0.84 0.25 0.99 1.23 0.43 2.7 1.98
Scan 2V3 0.81 1 1.39 1.11 1.35 1.26 0.59 0.87
Scan 2V4 0.61 0.48 1.15 1.6 1.88 2.65 0.61 2.55
Scan 2V5 3.23 0.46 1.74 0.73 3.1 2.63 0.14 1.62
Scan 2V6 3.5 0.34 1.71 0.7 0.94 1.5 1.63 2.47
Scan 3V4 1.05 1.34 1.09 1.88 0.79 1.46 0.47 1.72
Scan 3V5 2.47 0.58 1.51 1.36 2.02 1.44 0.57 0.77
Scan 3V6 2.82 1.05 1.99 1.26 0.61 0.4 1.99 1.65
Scan 4V5 3.63 0.82 0.64 0.9 2.01 0.33 0.65 0.98
Scan 4V6 3.95 0.36 0.9 1.82 1.16 1.12 1.95 0.34
Scan 5V6 0.67 0.51 0.73 1.12 2.15 1.08 1.75 0.95
Mean 2.07 0.71 1.18 1.16 1.62 1.24 1.12 1.33
SD 1.40 0.32 0.54 0.45 0.77 0.71 0.72 0.73
∆E CMC Sub 1 Sub 2 Sub 3 Sub 4 Sub 5 Sub 6 Sub 7 Sub 8
∆E V Scan 1 1.14 0.54 0.62 0.59 1.22 0.3 1.03 0.82
2 1.17 0.37 1.18 0.44 1.15 1.59 0.23 1.35
3 0.51 0.71 1.17 0.95 0.44 0.52 0.43 0.47
4 1.53 0.68 0.1 1.24 0.83 0.98 0.46 1.26
5 1.94 0.17 0.63 0.45 2.03 0.97 0.3 0.32
6 2.26 0.37 0.82 0.8 0.37 0.16 1.63 1.2
Mean 1.43 0.47 0.75 0.75 1.01 0.75 0.68 0.90
SD 0.63 0.21 0.40 0.31 0.61 0.53 0.54 0.44
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When comparing each scan with the mean of the subject’s scans, the reproducibility was 
much better in subject 2; and all subjects scans were below 1 Delta E (∆E), with 
exception of subject 1. This indicates that scans were reproducible for maxillofacial 
prosthetics, when using the Konica Minolta 2300D Spectrophotometer to capture the 
skin spectral data with the Spectromatch digital colour system (Spectromatch, Ltd., 
2009). 
 
The graphs illustrated in Figures 4.1 and 4.2 indicated a positively high correlation 
overall between the six scans undertaken for each White subjects; with subject 2 scans 
demonstrating the highest level of reproducibility (r=0.99) (see figure 4.2). 
 
Minor differences in the colour scans between the two subjects in the White ethnic group 
were identified (see graph in Figure 4.2). This demonstrated high positive correlations 
between the subjects in the same ethnic group. Furthermore higher levels of 
reproducibility could be identified within the same subject’s colour scans, however the 
small differences in scan results suggests that the percentage of relative reflectance, in 
relation to the (400 - 700 nm) values spectral wavelength, for each individual 
demonstrate similar trends but differ from individual to individual. 
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Figure 4.1 Spectral data White subjects 1 and 2, 6 scans per subject indicating high 
correlation and reproducibility of scans. 
 
 
Figure 4.2 Spectral data subject 1 and 2 representing White ethnic group. 
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For the Chinese group Figure 4.3 illustrates the results of the six scans for subjects 3 
and 4, and indicates their reproducibility with small differences between scans. 
 
Figure 4.3 Spectral data subject 3 and 4, 6 scans each subject. 
 
 
 
Figure 4.4 below, shows the linear correlation between the Chinese ethnic group 
subjects 3 and 4, whereby the scans demonstrate higher reproducibility levels intra 
subject, rather than inter subject. Additionally this graph demonstrates a positive 
relationship between all 12 scans which suggests a positive linear correlation for the 
Chinese ethnic group whilst preserving the individual colour differences, but similar 
relative reflectance along the spectral wavelength.  
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Figure 4.4 Spectral data subject 3 and 4 representing Chinese ethnic group.
 
 
For the Indian ethnic group scans presented in Figure 4.5 shows the subject 5’s spectral 
data scans 1 to 4 were closely correlated, whereas scan 5 did not follow the same trend, 
and scan 6 was in between. This suggests that the scans were less correlated in subject 
5 in comparison to subject 6 despite their being a positive linear correlation for the colour 
scans. Similar to the white ethnic group when combining all 12 scans obtained from 
subject 5 and 6 showed similarities between the 12 scans were evident, with both 
subjects keeping their own identity within the relative reflectance response and along the 
spectral wavelengths (400 - 700 nm). 
 
The skin colour spectral data for the Indian ethnic group (Figure 4.6) demonstrated a 
high correlation within each subject’s six skin colour scans. However, individual 
differences in relative reflectance response (%) along the spectral wavelength at 21 to 31 
values were present despite the high positive correlation observed between all twelve 
scans.  
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Figure 4.5 Spectral data subject 5 and 6; 6 scans per subject. 
 
 
 
Figure 4.6 Spectral data subject 5 and 6 representing Indian ethnic group. 
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Figures 4.7 and 4.8, shows the linear correlation between the Black ethnic group 
subjects, the scans demonstrate higher reproducibility levels with a lower relative 
reflectance response along the wavelength (400-700 nm). 
 
In the black racial ethnic group (see figure 4.8), there were similarities in part of the 
spectral data, showing a lower relative reflectance response percentage between 1 to 17 
spectral values, and increasing at the 17 to 31 spectral values (wavelength (400 - 700 
nm). At the higher end of the spectral curve, at 28 to 31 spectral values, both subjects’ 
scans segregated indicating intra subject correlation. 
 
Figure 4.7 Spectral data subject 7 and 8, 6 scan for each subject.
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Figure 4.8 Spectral data subject 7 and 8 representing Black racial group.
 
 
This indicates high levels of skin colour reproducibility for each subject across all six 
scans however the relative (black) reflectance response at level 0.05 to 0.25 (%) differed 
from the results obtained in the other ethnic groups; whereas the trends for White, 
Chinese and Indian groups was 0.1 to 0.6 (%) relative reflectance along the spectral 
wavelength (400 - 700 nm); showing different spectral data responses (colour of skin). 
 
The spectral data for the 8 subjects from four racial groups (n=48 scans) were compared 
(see figure 4.9). The results indicate high correlations between each subject’s six scans 
and over ethnic group series of 48 scans. Hence high correlations between colour scans 
were obtained inter and intra subject and between ethnic groups. The reflectance 
response between 0.1 to 0.6 (%) along the spectral wavelength (400 – 700 nm), shows 
that the Spectromatch digital colour system is set up to capture spectral data to a 31 
value wavelength, at this point the relative response drops; this means that the system 
can capture skin tone (colour) and formulate a pigment recipe (colourant) to colour 
match silicone facial prostheses to that parameters.  
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Figure 4.9 Spectral data showing comparison of 8 subjects, 4 racial groups, and 48 
scans, with a high correlation overall in all subjects and within each racial group. 
 
 
 
Statistical analysis of the Spectrophotometer colour scan reproducibility demonstrated 
high correlations between each subject’s scans with the minimum correlation of 99 %. 
Significantly Phase 1 part (i) of the study demonstrated the reproducibility of the subjects 
scanned skin colour between and across subjects in four different ethnic groups. 
 
4.1.2 Part (ii) Silicone samples optimal thickness 
In Phase 1 part (ii) of the study addressed the second research question: 
“What is the minimum silicone sample optimal thickness (mm) in both; light and dark, 
human skin shades, for digital colour measurements using a spectrophotometer scan?” 
 
The simulated silicone skin samples of varying thicknesses were tested for colour 
reproducibility against the original skin colour scan spectral values. This enabled the 
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L*a*b* values to be compared, thereby permitting the ∆E values to be computed using 
the Spectromatch programme. These were calculated for each subject using two 
contrasting backgrounds, namely black and white (see table 4.3). 
 
Table 4.3 Silicone sample thicknesse for simulated skin colour measurements. Delta E 
(∆E) value for each racial group. The sample with the lowest ∆E value indicates the 
minimum thickness for optimal skin-sample colour measurements. 
 
 
 
* W-bk - white background 
   B-bk - black background 
 
Table 4.3, demonstrates that the Mean ∆E and SD for 7 different silicone sample 
thicknesses (in 2 mm increments from 2 mm - 14 mm) were 2 mm (2.34 ± 0.89); 4 mm 
(1.26 ± 0.90); 6 mm (1.09 ± 0.93); 8 mm (1.02 ± 0.87); 10 mm (1.13 ± 0.98); 12 mm (1.16 
± 0.97); and 14 mm (1.20 ± 1.07); respectively. 
 
Delta E 2 mm 4 mm 6 mm 8 mm 10 mm 12 mm 14 mm
Sub.1 W 2.69 0.29 0.52 0.55 0.55 0.59 0.67 White
Sub.2 W 3.17 0.57 0.24 0.38 0.52 0.62 0.74 White
Sub.3 W 3.33 0.69 0.4 0.57 0.83 0.96 0.62 Chinese
Sub.4 W 3.13 0.5 0.56 0.64 0.78 0.37 0.77 Chinese
Sub.5 W 1.84 2.66 2.81 3.06 3.37 3.33 3.69 Asian
Sub.6 W 3.14 0.54 0.23 0.27 0.28 0.24 0.14 Asian
Sub.7 W 1.98 2.26 1.83 1.21 1.11 1.41 1.48 Black
Sub.8 W 2.47 2.18 1.75 1.42 1.54 1.48 1.67 Black
Sub.1 B 2.85 1.23 0.8 0.68 0.58 0.58 0.58 White
Sub.2 B 2.45 0.9 0.48 0.41 0.53 0.55 0.54 White
Sub.3 B 1.08 0.56 0.17 0.39 0.78 1.06 0.66 Chinese
Sub.4 B 0.72 0.64 0.76 0.65 0.67 0.58 0.75 Chinese
Sub.5 B 3.29 2.97 2.97 2.96 3.58 3.41 3.71 Asian
Sub.6 B 0.64 0.41 0.37 0.36 0.44 0.31 0.32 Asian
Sub.7 B 2.17 1.89 1.74 1.41 1.22 1.48 1.53 Black
Sub.8 B 2.56 1.85 1.77 1.32 1.31 1.52 1.34 Black
Mean 2.34 1.26 1.09 1.02 1.13 1.16 1.20
SD 0.89 0.90 0.93 0.87 0.98 0.97 1.07
Mean (W-bk) 2.72 1.21 1.04 1.01 1.12 1.13 1.22
SD (W-bk) 0.57 0.97 0.96 0.92 0.99 1.00 1.11
Mean (B-bk) 1.97 1.31 1.13 1.02 1.14 1.19 1.18
SD (B-bk) 1.02 0.88 0.95 0.88 1.04 1.00 1.10
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Statistical analysis of the Delta E (∆E) values identified the differences in thicknesses of 
simulated skin-silicone colour samples, both within the same subject and between 
subjects. Comparing the 2 mm thickness against the 4 mm (2 mm v 4 mm) a highly 
significant (p<0.05) difference was identified using the t-test. Similarly significantly 
differences (p<0.05) were seen when comparing the 4 mm and 6 mm thickness, and 8 
mm v 10 mm thickness. The differences between the (6 mm v 8 mm), (6 mm v 12 mm), 
(6 mm v 10 mm), (10 mm v 12 mm), and (12 mm v 14 mm) thickness, respectively were 
not statistically significant (p> 0.05, t- test). 
 
The results using two contrasting background colours; white and black were: On a white 
background (W-bk), the Mean ∆E (SD) were: (2.72 ± 0.57) for 2 mm thickness; (1.21 ± 
0.97) for 4 mm thickness; (1.04 ± 0.96) for 6 mm thickness; (1.01 ± 0.92) for 8 mm 
thickness; (1.12 ± 0.99) for 10 mm thickness; (1.13 ± 1.00) for 12 mm thickness; and 
(1.22 ± 1.11) for 14 mm thickness (see figure 4.10). 
 
With a black background (B-bk), the Mean ∆E (SD) were: (1.97 ± 1.02) for 2 mm 
thickness; (1.31 ± 0.88) for 4 mm thickness; (1.13 ± 0.95) for 6 mm thickness; (1.02 ± 
0.88) for 8 mm thickness; (1.14 ± 1.04) for 10 mm thickness; (1.19 ± 1.00) for 12 mm 
thickness; and (1.18 ± 1.10) for 14 mm thickness (see figure 4.11). 
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Figure 4.10 Silicone sample thickness on white background (W-bk), data comparison of 
2, 4, 6, 8, 10, 12, 14 mm thickness, 8 subjects and 4 racial groups. 
 
 
 
 
Figure 4.11 Silicone sample thickness on black (B-bk) background, data comparison of 
2, 4, 6, 8, 10, 12, 14 mm thickness, 8 subjects and 4 racial groups. 
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The sample with the lowest Delta E (∆E) value indicated the required minimum thickness 
for colour measurements, with the “Spectromatch digital colour system” was 8 mm. 
Comparing the different ethnic groups the 6 mm thickness was found to be the optimal 
sample thickness for white subjects, whereas the 8 mm sample thickness was the 
minimum for the black subjects (see figure 4.12). 
 
Figure 4.12 Overall mean sample thickness on white (W-bk); and black (B-bk) 
background, data comparison of 2, 4, 6, 8, 10, 12, 14 mm thickness, 8 subjects and 4 
racial groups. 
 
 
 
4.1.3 Part (iii) Formulae pigment loading reproducibility 
This section of the results presents the data for Phase 1 part (iii) of the study which 
addressed the research question: 
“What is the reproducibility of the formulae pigment loading for facial prostheses based 
on using the Spectromatch advanced digital colour system?” 
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The results obtained from the scans, the reproducibility of the formulae pigment loading 
(n=48 skin scans) and their respective medical grade silicone samples are shown in 
Table 4.4. The ∆E values were computed by comparing skin silicone samples spectral 
data against the original skin scan spectral data, for subjects from four ethnic groups with 
six scans for each subject. Overall, the results showed that the pigment loading (output) 
or the recipe mix formulated by the Spectromatch system when compared to subject’s 
skin spectral data (input) scanned by the spectrophotometer was reproducible. The 
Mean and SD were within, or below, 1 Delta ∆E value, thus showing that the 
Spectromatch system is able to reproduce skin-silicone samples with a colour difference 
range of 1 or below Delta ∆E value. 
 
Table 4.4 The Mean Delta E after silicone sample measurement against original scan 
spectral data 1-6 for sub 1-8. 
 
 
The pigment formula reproducibility for each subject (Mean ∆E and SD) were: subject 1 
(0.82 ± 0.28); subject 2 (0.69 ± 0.17); subject 3 (0.73 ± 0.20); subject 4 (1.07± 0.43); 
subject 5 (0.92 ± 0.72); subject 6 (0.43 ± 0.16); subject 7 (0.81 ± 0.09); and subject 8 
(1.36 ± 0.29). 
 
 
 
∆E V Scans Sub 1 Sub 2 Sub 3 Sub 4 Sub 5 Sub 6 Sub 7 Sub 8
∆E V Scan 1 0.65 0.65 0.71 1.06 2.36 0.49 0.87 1.17
∆E V Scan 2 0.56 0.58 0.78 0.91 0.76 0.32 0.74 1.1
∆E V Scan 3 0.89 0.47 0.48 0.55 0.64 0.55 0.74 1.24
∆E V Scan 4 0.53 0.66 0.79 1.83 0.51 0.41 0.74 1.23
∆E V Scan 5 1.14 0.79 0.55 0.85 0.46 0.62 0.82 1.55
∆E V Scan 6 1.16 0.96 1.05 1.21 0.79 0.17 0.96 1.87
Mean 0.82 0.69 0.73 1.07 0.92 0.43 0.81 1.36
SD 0.28 0.17 0.20 0.43 0.72 0.16 0.09 0.29
168 
 
4.2 Phase 2 – Colour assessments - Delta E 
Results for Phase 2 of the study are presented in two sections, addressing the following 
research questions: 
 
“Is there an association between human eye observed acceptable colour difference and 
digital colour ∆E value for maxillofacial prosthetics?” and 
“What are the perceptible and acceptable skin colour difference (silicone simulated skin 
samples) thresholds (∆E value) for maxillofacial prosthetics?” 
 
4.2.1 Perceptible / acceptable colour difference Delta E (∆E) threshold Lab CIE CMC 
The CIE L*a*b* colour space coordinates, with an in built errors at gradient 0 - 8 L*a*b* 
axes from the silicone samples (n=97) used to assess the perceptible and acceptable 
colour difference (Mean of all assessors scores) Delta-E (∆E) for the eight subjects as 
judged by the colour panel assessors are shown below in Table 4.5; and the Mean range 
in Table 4.6. 
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Table 4.5 The Mean of all assessor scores, all subjects in L*a*b* inbuilt gradients. 
 
* T - True base colour 
 
Table 4.6 The Mean Delta E assessor score CIE Lab (-) (+) colour parameter range. 
 
 
Mean of All Assessor Scores - All Subjects
Gradients        L*      a*       b*
8 0.27 0.07 0.54
7.5 0.34 0.09 0.80
7 0.42 0.07 0.92
6.5 0.51 0.17 0.92
6 0.67 0.17 1.11
5.5 0.79 0.19 1.14
5 0.91 0.27 1.32
4.5 1.02 0.41 1.32
4 1.36 0.43 1.55
3.5 1.52 0.84 1.90
3 1.56 1.05 1.91
2.5 1.83 1.22 1.93
2 2.02 1.37 2.09
1.5 2.13 1.68 2.13
1 2.36 1.83 2.47
0.5 2.35 2.28 2.54
-0.5 2.27 2.45 2.20
-1 2.44 2.18 2.19
-1.5 2.17 2.16 1.91
-2 2.19 2.18 1.84
-2.5 2.18 1.72 1.51
-3 1.89 1.57 1.45
-3.5 1.89 1.49 1.11
-4 2.02 0.93 1.27
-4.5 1.66 0.96 1.09
-5 1.55 0.81 0.93
-5.5 1.27 0.66 0.79
-6 1.28 0.40 0.71
-6.5 1.13 0.45 0.68
-7 0.81 0.29 0.55
-7.5 0.99 0.29 0.44
-8 0.84 0.14 0.49
0 1.46 0.96 1.37 T        2.27
Mean ∆E Assessor score  Lab (-) (+) colour parameters range
Lab CIE CMC L (-) L (+) a (-) a (+) b (-) b (+)
All groups (-) 3.18 1.62 NR NR (-) 0.51 1.58
White (-) 0.84 3.95 NR NR (-) 1.29 2.73
Chinese (-) 3 2.01 NR NR (-) 1.47 2.73
Indian (-) 4.41 (-) 2.26 NR NR NR NR
Black (-) 6.6 2.63 NR NR (-) 4.29 2.43
NR - Do not reach the predefined 2 cut-off point 
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The results in Table 4.6, show that colour assessors were able to perceive ∆E threshold 
of acceptable colour match at different levels on the L*a*b* axes. The Mean ∆E for the 
L* axis [light (+) to dark (-)] skin silicone samples shows an acceptable range of ∆E 1.62 
(light +) to 3.18 (dark -) for all groups. However, the range for the White ethnic group 
was, (+) 3.95 to (-) 0.84 ∆E. In the Chinese ethnic group ranged from (+) 2.01 to (-) 3 ∆E. 
In the Indian ethnic group, the ∆E range was (dark -) 2.26 to (dark -) 4.41∆E. In the Black 
ethnic group, the range was (+) 2.63 to (-) 6.6 ∆E. The Mean ∆E for a* axis, green (+) to 
red (-) did not reach (NR) the predefined 2 cut-off point of an acceptable colour match. 
This shows that the panel of colour assessors were more sensitive to the green/red 
colour range, and were able to perceive and differentiate between the patient’s skin and 
skin-silicone samples within this range of Delta E vales. 
 
The Mean ∆E for the b* axis, blue (-) to yellow (+) showed a range of (-) 0.51 to (+) 1.58 
∆E for all groups. In the White ethnic group; the mean ∆E ranged from (-) 1.29 to (+) 2.73 
∆E. In the Chinese ethnic group; the mean ∆E ranged from (-) 1.47 to (+) 2.73 ∆E. In the 
Indian ethnic group; the mean ∆E did not reach (NR) the predefined 2 cut-off point. In the 
Black ethnic group, the mean ∆E threshold ranged from (-) 4.29 to (+) 2.43 ∆E. These 
results show that within these Delta E (∆E) range, there was an acceptable colour match 
of the silicone skin (gradient) samples against the subjects’ skin. 
 
The threshold Delta E (∆E) range for the L*a*b* axes, are illustrated in Figure 4.13., 
where the horizontal axis represent colour parameter coordinate, and the vertical axis 
the colour assessors score; it shows the colour parameter L* axis (L*a*b*) CIE 
coordinates in all subjects of four ethnic groups. 
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Figure 4.13 Colour parameter L* (Lab) CIE coordinate; all subjects, four ethnic groups. 
 
 
 
The above Figure 4.13; represents at what range level (Delta E value) the colour 
assessors perceived colour change in the L* coordinate (light to dark). 
 
Figure 4.14; shows the data for the White ethnic group (subjects 1 and 2) silicone skin 
samples. The Chinese ethnic group (subject 3 and 4) is shown in Figure 4.15. The Indian 
ethnic group (subject 5 and 6) is shown in Figure 4.16. The Black ethnic group (subject 7 
and 8) is shown in Figure 4.17, and the overall trend is shown in Figure 4.18.  
- 3.18 ∆E 1.62 ∆E 
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Figure 4.14 Colour parameter L* (Lab) CIE coordinate; White ethnic group. 
 
Figure 4.15 Colour parameter L* (Lab) CIE coordinate; Chinese ethnic group. 
 
Figures 4.14 and 4.15 shows at what range level (Delta E value) the colour assessors 
were more sensitive and perceived colour change in the L* coordinate (light to dark) for 
the White and Chinese groups.  
- 0.84 ∆E 3.95 ∆E 
2.01 ∆E - 3.00 ∆E 
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Figure 4.16 Colour parameter L* (Lab) CIE coordinate; Indian ethnic group. 
 
Figure 4.17 Colour parameter L* (Lab) CIE coordinate; Black ethnic group. 
 
Figures 4.16 and 4.17 shows the colour assessors colour change perception range 
(Delta E value) in the L* coordinate (light to dark) for the Indian and Black groups. The 
Black skin the colour assessor perceived a wider range for colour tolerance (Delta E).  
- 4.41∆E - 2.26 ∆E 
2.63 ∆E 
- 6.60 ∆E 
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Figure 4.18 Colour parameter L* (Lab) CIE coordinate; White, Chinese, Indian and Black 
ethnic groups. 
 
 
 
The above graph (Fig.4.18) represents the overall range level (Delta E value) the colour 
assessors perceived colour difference in the inbuilt gradients (colour parameters). It 
shows the assessors sensitiveness to colour change in the L* coordinate (light to dark) 
for the four ethnic groups. It demonstrates the differences in ethnicity; and the range of 
all groups, as demonstrated in each group earlier. 
 
The colour parameter for a* axis (Lab) CIE coordinate (green/red) for all subjects of four 
ethnic groups is illustrated in Figure 4.19. 
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Figure 4.19 Colour parameter a* (Lab) CIE coordinate; all subjects, four ethnic groups. 
 
 
Figure 4.19 above shows at what range level (Delta E value) the colour assessors 
perceived colour change for a* coordinate (green/red) for the four ethnic groups. This 
may identify that the panel of colour assessors were more sensitive to the green/red 
colour range; hence they were able to perceive a difference between the skin and skin-
silicone samples, below the 2 acceptable score. 
 
The White ethnic group (subjects 1 and 2) is presented in Figure 4.20. The Chinese 
ethnic group (subject 3 and 4) is shown in Figure 4.21. The Indian ethnic group (subject 
5 and 6) is shown in Figure 4.22. The Black ethnic group (subject 7 and 8) is shown in 
Figure 4.23.; and the overall trend is shown in Figure 4.24 (see further below). 
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Figure 4.20 Colour parameter a* (Lab) CIE coordinate; White ethnic group. 
 
 
Figure 4.21 Colour parameter a* (Lab) CIE coordinate; Chinese ethnic group. 
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Figure 4.22 Colour parameter a* (Lab) CIE coordinate; Indian ethnic group. 
 
 
 
Figure 4.23 Colour parameter a* (Lab) CIE coordinate; Black ethnic group. 
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Figure 4.24 Colour parameter a* (Lab) CIE coordinate; White, Chinese, India and Black 
ethnic group. 
 
 
 
The above graph (Fig. 4.245) represents at what range level (Delta E value) the colour 
assessors perceived colour change for a* coordinate (green/red) for the four ethnic 
groups. It demonstrates that the colour assessors were more sensitive to the green/red 
colour range; hence they were able to perceive a colour difference between the skin and 
skin-silicone samples below the 2 acceptable score, the cut off point for acceptability 
(poor match, but acceptable). This means that no acceptable colour match was achieved 
within the samples fabricated in a* coordinate gradients (green/red) and the subjects 
skin. It demonstrates the complexity about human sensitiveness to colour perception. 
This also highlights the importance of the colour formulation process (colorant/pigment 
loading recipe), as the type of colorant and quantity selected by the digital system may 
influence the visual acceptability of a fitted facial prosthesis. 
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The colour parameter for the b* axis (Lab) CIE coordinate (blue/yellow) for all subjects of 
four ethnic groups is illustrated in Figure 4.25. 
 
Figure 4.25 Colour parameter b* (Lab) CIE coordinate; all subjects, four ethnic groups. 
 
 
The graph in figure 4.25, represents at what range level (Delta E value) the colour 
assessors perceived colour change for b* coordinate (blue/yellow) for the four ethnic 
groups. The panel of colour assessors were sensitive to the blue/yellow colour range; 
however, just above 2 score, the cut off point for acceptability (poor match, but 
acceptable). 
 
The White ethnic group (subjects 1 and 2) is presented in Figure 4.26. The Chinese 
ethnic group (subject 3 and 4) is shown in Figure 4.27. The Indian ethnic group (subject 
5 and 6) is shown in Figure 4.28. The Black ethnic group (subject 7 and 8) is shown in 
Figure 4.29; and the overall trend is shown in Figure 4.30. 
  
- 0.51 ∆E 1.58 ∆E 
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Figure 4.26 Colour parameter b* (Lab) CIE coordinate; White ethnic group. 
 
Figure 4.27 Colour parameter b* (Lab) CIE coordinate; Chinese ethnic group. 
 
The above graphs (Fig.4.26 and 4.27) represents the White and Chinese groups and at 
what range level (Delta E value) the colour assessors perceived colour change (eye 
sensitiveness) for b* coordinate (blue/yellow).  
2.73 ∆E - 1.47 ∆E 
- 1.29 ∆E 2.73 ∆E 
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Figure 4.28 Colour parameter b* (Lab) CIE coordinate; Indian ethnic group. 
 
Figure 4.29 Colour parameter b* (Lab) CIE coordinate; Black ethnic group. 
 
For the Indian group, Figure 4.28; the range level (Delta E value) the colour assessors’ 
perceptibility for b* coordinate (blue/yellow) was below acceptability, whereas for dark 
skin in Figure 4.29; the range was wider and reach a level of acceptability (above 2).  
- 4.29 ∆E 2.43 ∆E 
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Figure 4.30 Colour parameter b* (Lab) CIE coordinate; White, Chinese, India and Black 
ethnic group, overall trend. 
 
 
 
Figure 4.30, shows acceptable and perceptible assessor scores range - colour 
parameters of the individual b* axes for eight subjects for the four ethnic groups, judged 
by twelve colour assessors. 
 
4.2.2 The Delta E threshold 
The Mean Delta E threshold CIE Lab (CMC) for the 8 subjects; from the 4 ethnic groups, 
determined by 12 assessors, through 9312 observations are presented in Table 4.7. 
 
Table 4.7 The Mean Delta E CIE Lab colour parameter threshold. 
 
  
Mean ∆E Assessor score Lab ∆E threshold
Lab CIE CMC
All groups 1.54
White 1.61
Chinese 1.87
Indian NR
Black 2.33
NR - Do not reach the predefined 2 cut-off point 
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The graph shown in Figure 4.32 summarises the overall results of this study, with the 
horizontal axis representing the Delta E (∆E) value, and the vertical axis the assessors 
score. The Delta E (∆E) threshold was ∆E 1.54. When the different ethnic groups were 
considered, the Delta E (∆E) threshold for the White, Chinese and Black were ∆E 1.61; 
∆E 1.87; and ∆E 2.33; respectively. The ∆E Indian was not detected in this study. These 
results can provide the base line values for future facial skin colour matching studies 
using the Spectromatch digital colour system. 
 
The Delta E threshold (Lab) CIE values for all subjects of four ethnic groups is shown in 
Figure 4.31. The Delta E threshold CIE Lab values the White, Chinese, Indian and Black 
ethnic groups are shown in Figure 4.32; 4.33; 4.34; and 4.35, respectively. The overall 
Delta E threshold (Lab) CIE values for the four ethnic groups are found in Figure 4.36. 
 
Figure 4.31 Delta E (∆E) threshold (Lab) CIE coordinates; for all subjects, four ethnic 
groups. 
 
  
1.54 ∆E 
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Figure 4.32 Delta E (∆E) threshold (Lab) CIE coordinates for White ethnic group. 
 
 
 
Figure 4.33 Delta E (∆E) threshold (Lab) CIE coordinates for Chinese ethnic group. 
 
 
  
1.61 ∆E 
1.87 ∆E 
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Figure 4.34 Delta E (∆E) threshold (Lab) CIE coordinates for Indian ethnic group. 
 
 
Figure 4.35 Delta E (∆E) threshold (Lab) CIE coordinates for Black ethnic group. 
 
  
2.33 ∆E 
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Figure 4.36 Delta E (∆E) threshold (Lab) CIE coordinates; for all subjects, four ethnic 
groups. 
 
 
 
The above results identified within caution the Delta E threshold values for colour match 
facial prostheses. It sets the baseline at which colour samples produce from digital 
recipe formulated by the Spectromatch system or a similar digital system can be re-
scanned and checked with a defined Delta E threshold. The closer the Delta E value 
reading from a given sample to the threshold identified in the four ethnic groups, the 
closer to the skin tone of the patient. Hence a facial prosthesis fabricated within these 
parameters may achieve a prosthesis/skin colour match that is acceptable to humans’ 
eye. 
 
This chapter has presented the overall results for Phase 1 and 2 of the study. Overall, 
the results suggest that the Spectromatch digital colour system (spectrophotometer 
medical device and the software in combination) demonstrates good reproducibility and 
validity (p<0.05) in capturing human skin colour to produce skin-silicone samples in 
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fabricating facial prostheses. This work also produced novel scientific information by 
objectively defining the perceptible and acceptable Delta E (∆E) thresholds (1) of colour 
matching in facials prosthetics, (2) the relationship to human eye sensitivity and the 
colour perception acceptance for silicone skin colour match based on the CIE Lab CMC 
colour model and the Spectromatch digital colour system. 
 
The next chapter will discuss the findings of this study and relate them to other relevant 
studies. It will also discuss how the innovation produced by the results of this study may 
influence maxillofacial prosthetics practice. 
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Chapter 5 Discussion 
 
5.1 Introduction 
The clinical effectiveness and the successful rehabilitation outcomes of facial prosthetics 
are dependent upon the skilfulness of the Maxillofacial Prosthetist to create an 
aesthetically pleasing facial prosthesis for the patient. This includes producing an 
acceptable and realistic colour match between the patient’s skin and the silicone facial 
prosthesis. In this series of experimental studies Phase 1 and 2 tested the reliability and 
validity of the Spectromatch system (Spectromatch, Ltd., UK). This is a new advanced 
digital colour technology system, which has recently been implemented in this 
researcher’s clinical practice, with the intent to improve the colour matching process in 
maxillofacial prosthetics. 
 
The limitations of the traditional method of colour matching facial prostheses were 
evident in the literature review, where colour matching was an art rather than a science. 
Hence colour matching using the traditional methods for silicone prosthetic production 
required lengthy consultations and the expert colour matching skills of the Maxillofacial 
Prosthetist. This is resource intensive for the organisation within the current fiscally 
restricted NHS. Effective resource management was a driver for this study, investigating 
the feasibility of the advanced digital colour technology of maxillofacial prosthetics. 
 
This project aimed to validate the use of a new digital technology the Spectromatch 
system, which has been designed to objectively produce a better colour match with the 
patient’s skin tone, thereby theoretically providing a more cost effective service with 
better patient outcomes. 
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This is the first study of this kind to focus on facial prosthetics and skin colour 
reproducibility using the Spectromatch digital technology. The intent of this study was to 
set the scientific basis and parameters for colour testing, in facial prosthetics practice, to 
enable an objective evaluation of the application of digital colour technology. The overall 
aim of the study was to identify the system ability to reproduce skin colour scans 
measurements by a spectrophotometer medical device (Konica Minolta 2300D); and how 
many scans were required to produce a visually acceptable silicone sample. To 
determine the minimum acceptable sample thickness for testing colour match and testing 
the reproducibility of silicone sample (formulae recipe). To determine the perceptible and 
acceptable colour difference thresholds (CIE Delta E values) for facial prostheses in 
digital colour technology. It is anticipated that this system has the potential for achieving 
better treatment outcomes for patients with facial deformities thereby improving the cost 
effectiveness of the current maxillofacial prosthetics service. 
 
How to determine the reproducibility of skin colour scans? 
The first step in being able to produce an adequate prosthesis was to test the equipment 
ability and reproducibility of skin colour scans in eight subjects from four ethnic groups, 
White; Chinese; Indian and Black. Overall the results demonstrated that subject to the 
spectrophotometer scans being conducted in pre-defined controlled conditions the 
scanning output was reproducible and accurate (r=0.99). When combining the 
spectrophotometer (measuring the patient’s skin colour) and the Spectromatch digital 
colour system (reproducing the spectral reflectance curve of the patients skin), and the 
software (formulating the colour recipe from which the Maxillofacial Prosthetists 
fabricates the facial prostheses), a highly significant level of accuracy and reproducibility 
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(p<0.05) was identified between the digital skin colour measurements (scans) both inter 
and intra subjects. 
 
This study shows that repeated scanning demonstrated high correlations (99% 
Spearman) with the clinical spectrophotometer (Konica Minolta 2300D) and the 
Spectromatch System (Spectromatch, Ltd., UK). When observing the Spectromatch 
system CIE L*a*b* reading values, it was possible to objectively demonstrate the 
spectrophotometer’s (Minolta 2300D) measurements for the colour scans of each subject 
of four ethnic groups i.e. White, Chinese, Asian and Black. When comparing the scans 
versus spectral data with the formula Delta E (∆E) CMC, the White group subject two’s 
scans were most reproducible with ∆E of (0.71 ± 0.32), whereas subject one had a ∆E of 
(2.07 ± 1.40), the highest of all subjects indicating least reproducibility of scans. All other 
subjects were close to 1 ∆E showing excellent reproducibility. From a clinical perspective 
it is important to identify how many scans are required and how long the colour matching 
procedure will take using this advanced digital colour technology. This study has 
demonstrated that with one scan (an average of 3 measurements) the digital system can 
capture an individual skin colour with a skin colour database that correlates to the 
spectral reflectance data of the ethnic groups tested. The procedure may take 
approximately 30 minutes of patient appointment time. The colour parameters of colour 
difference threshold acceptance by the human eye were investigated in Phase 2 of this 
study, whereby the baseline of Delta E value for colour acceptance in maxillofacial 
prosthetics was established. 
 
Factors such as the individual’s type of skin, light source and external environments 
influences the way human perceive colour, thus adding complexity to the colour 
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matching process of facial prosthetics. Hence spectrophotometry has brought a new 
insight in capturing the skin colour of an individual, as the spectrophotometer measuring 
medical device is able to measure spectral reflectance responses of individuals’ skin and 
convert them to the various colour parameters (Johnston, 2009; Paravina et al., 2009). 
The system, tested in this study, used the skin colour spectral curve relative reflectance 
(%) from the spectrophotometer scan measurements. The results demonstrated that the 
system can reproduce spectral curve relative reflectance response (%) across the four 
ethnic groups. The relative reflectance range for the White, Chinese and Indian subjects 
ranged from 0.1 % to 0.3 % at values of 1 to 21 (400 - 550 nm) on the spectral 
wavelength and at 0.6 % relative reflectance at 31 values (450 - 700 nm) on the spectral 
curve wavelength. Whereas for Black subjects at 0.05% relative reflectance at the range 
of 1 to 21 values wavelength (400 - 550 nm), increasing to 0.2 % at 31 values 
wavelength (400 - 700 nm), at the other end of the spectrum, showing a lower % of 
relative reflectance response values. 
 
The reflectance depression (see Figure 4.9) was found to be between 550 to 600 nm 
(spectral wavelength) at 18 to 23 values for the four ethnic groups. It is of interest that 
depressions in the mean reflectance curves between the ethnic groups were more 
pronounced for Whites (see figure 4.2), less pronounced for Orientals (see figure 4.4) 
and almost non-existent for Blacks ethnic groups (see figure 4.8). This concurs with 
Koran et al., (1981) quantitative findings measuring the colour of human skin with 
reflectance spectrophotometer as a precursor to computerised selection of pigments for 
individual patients requiring maxillofacial prostheses. Koran et al., (1981) reported the 
only quantitative data for human skin (Whites, Blacks, and Orientals) in values of 
luminous reflectance, dominant wavelengths. In their study, the mean reflectance curve 
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for Orientals is lower in percent reflectance than for Whites, and depressions in the mean 
curve at 540 and 580 nm were not as pronounced as for Whites. The mean curve for 
Blacks is lower in percent reflectance than for all other groups, and depressions in the 
curve at 540 and 580 nm were not seen. The black group had the largest standard 
deviations of all population groups for luminous reflectance. This may have arisen 
because the twin absorption bands of oxyhaemoglobin, at 520 and 540 nm that can be 
reflected on the spectral curve were more prominent in Whites than in Orientals or 
Blacks. Similar depressions in the reflectance curve were also reported by Edwards and 
Duntley (1939) at about 540 and 580 nm. This represents the twin absorption bands of 
oxyhaemoglobin, which are present in the skin’s arterial blood flow whereby darker skin 
colours mask the twin absorption peaks of oxyhaemoglobin. Consequently, as the above 
studies identified, the melanin pigment in the skin causes the masking effect. Thus if the 
actual reflectance curve of the patient’s skin was used to match the reflectance curve of 
the prosthesis, the colour match would be independent of the incidental light, therefore 
metameric effects would be minimised, in such a way an optimum colour match of the 
prosthesis and patients skin can be achieve. 
 
In this researcher’s study the White group showed the largest overall reflectance (lightest 
values), as compared to Asian and Black subjects. The spectral curve of the Black group 
revealed the lowest % of relative reflectance response values, due to epidermal melanin 
concentration. It can be therefore concluded within caution that the Spectromatch 
computer programme software has been developed to these parameters, so that skin 
spectral (reflectance) data is reproduced when measured by the spectrophotometer. 
However the relationship between the spectrophotometer’s ability to reproduce spectral 
data and the system’s ability to reproduce a colour sample that is acceptable to the 
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human eye, by testing the inbuilt gradients in the Lab coordinates, would need further 
investigation specially in the Indian group (see Phase 2 results). Overall this is 
advantageous for the prosthetic practice as prostheses will be more accurately 
reproduced and metamerism minimised, thereby benefitting patient outcomes. 
 
Accurate quantitative data of skin colour scanning reproducibility with the Spectromatch 
digital colour system has not been reported in the literature. However, Gonzalo-Diaz et 
al., (2007) study highlighted that the spectral reflectance of craniofacial structures can be 
measured with acceptable validity and test-retest reliability using a non-contacting 45/0 - 
degree optical configuration and colorimetric measurements. For validity, the mean 
colour difference and linear regression for Commission Internationale l’Eclairage (CIE) 
LAB between measure and certified colour of 22 opaque colours patched were ∆E of 
1.46 and 0.99 for all regressions. For test re-test reliability, a random sample of 12 (10 
%) subjects was measured using the Delta E Lab values for 6 craniofacial structures. 
Gonzalo-Diaz et al., (2007) approach in colorimetry measurements was useful to 
understand the application of spectrophotometry measurements for validity of the 
scanning reproducibility, evaluating the validity and test-retest of the instrument in Phase 
1 of the present study. 
 
The Delta E value (colour difference) was the chosen unit/measurement in this study to 
assist in the comparison of results. When comparing each scan with the mean of the 
subject’s scans, reproducibility was better in subject 2 (Whit group); however all the 
subjects scans had ∆E <1, with exception of subject 1. Therefore as Delta ∆E of 1 is 
considered to equate to an unnoticeable colour match difference by the human eye, in 
lay persons; these results indicate the reproducibility of scans (skin spectral data) in 
194 
 
maxillofacial prosthetics. Spectral data from the white ethnic subjects (six scans from 
each subject) demonstrated small inter-subject differences within the same racial group 
despite demonstrating good intra-subject reproducibility. In contrast, the Chinese, Indian 
and Black ethnic group showed a positive linear correlation for the 12 scans from the two 
subjects despite the slight higher intra-subject as compared to inter-subject 
reproducibility. Overall there were similarities between the twelve scans and each 
subjects maintained their own identity within the relative reflectance response and along 
the spectral wavelengths (400 - 700 nm) represented by the Spectromatch software. 
 
The spectrophotometer is an established instrument in measuring an observed object by 
reflection, or transmission, through the entire spectral curve and its colour measurement 
is limited to a visible frequencies range (usually 350 - 780 nm). In this study, the 
spectrophotometer, Konica Minolta 2300D, was the tool in the Spectromatch system 
responsible for capturing the skin spectral data thereby accurately measuring human 
skin colour along the spectral curve range of 31 values as set up in the software system, 
ranging from 400 to 700 nm (Spectromatch Ltd., UK). 
 
While there are no studies using spectrophotometry data to directly compare with this 
study, the possibility of measuring a colour numerically using a reliable digital instrument 
and evaluating its numerical correspondence in restorative dental material was 
investigated by Corciolani and Vichi (2006). Corciolani and Vichi’s (2006) study 
established the repeatability of spectrophotometric measurements taken by two different 
types of spectrophotometers (VITA Easyshade and the Vita Zahnfabrik, Bad Säckingen, 
Germany; and the PSD1000 (Ocean Optics, FL, USA), used in the clinical and laboratory 
settings. Testing involved using ceramic sample disks of 0,7 mm thickness and 15 mm 
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diameter of a self-curing acrylic resin material in a single A3 colour shade demonstrated 
very low values of coefficient of variation (0,002<CV<0,111) using the Ocean Optics 
PSD1000 from an average reading of 5 scans. The VITA Easy shade reading values 
highlighted the good repeatability in repeated scanning when using a stand 
(0<CV<0,022) and when hand held (0,008<CV<0,913). The scanning method devised by 
Corciolani and Vichi (2006) helped define the scanning repeatability method used in 
Phase 1 part (i) of this researcher’s study. Although the scanning procedure of my study 
was repeated six times per subject as compared to Corciolani and Vichi (2006) study 
which used five scans per subject. Phase 1 part (i) demonstrated good test-retest 
reliability, when capturing facial skin colour for the medical grade silicones (elastomers) 
used in facial prosthetics, given a reading value as an average of three scan 
measurements. Good reliability of spectrophotometry scanner spectral data repeatability 
was similarly observed in the Corciolani and Vichi (2006) study even though their sample 
was in restorative dental material. 
 
In summary the results of Phase 1 part (i) obtained from eight subjects from four ethnic 
groups, suggested that the scanning procedure is reproducible. Due to the small sample 
sizes, the reliability of this exploratory study’s spectrophotometer (Konica Minolta 2300D) 
results must be viewed with caution. However a significant finding was that all the data 
scans across the ethnic groups correlated (r=99), thereby demonstrating high levels of 
reproducibility for colour scans within and across each ethnic group. 
 
What thickness of simulated skin silicone sample is best? 
A further clinical / laboratory testing question was how to establish quality indicators to 
identify the minimum skin simulated silicone sample thickness (mm) for light to dark 
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human skin tones using the spectrophotometer system in maxillofacial prosthetics. Part 
(ii) of the study was essential to allow standardisation of sample thickness prior to 
undertaking the subsequent stages of the study. Results demonstrated that the overall 
minimum thickness for optimal medical elastomers is 8 mm. However across the ethnic 
groups the minimum of 6 mm thickness for White subjects and 8 mm thickness for Black 
subjects; which may reflect the differing tones of different ethnic groups skin colour. 
 
Other studies have similarly evaluated the minimal sample thickness, although not 
directly comparably to this study. Over et al. (1998) reported a 7-step wedge silicone 
shade guide with thickness variations of 1, 2, 4, 6, 8 and 10 mm. Each area of the step 
specimen had a 1.5 cm square silicone mould shade guide for each of the 15 white 
subjects which was viewed as adequate for visual shade matching and colorimeter 
measurements. Good correlation between the patient’s skin colorimeter measurements 
and the silicone samples were reported. Significantly this researcher’s study using the 
Spectromatch system concurs with Over et als., (1998) findings whereby the b* colour 
dimension was the most reproducible, followed by the L* and a* axes. Silicone samples 
at 6, 8 and 10 mm matched the patients best. However due to the paucity of study’s 
evaluating the silicone sample thickness this point should be viewed with caution as 
Over et als., (1998) study was limited to fifteen white subjects and used a colorimeter not 
a spectrophotometer. 
 
There was no available scientific literature evaluating the minimum or maximum silicone-
sample thickness for testing skin colour with the spectrophotometer. Consequently this 
present study aimed to identify the optimal thickness for silicone simulated skin sample 
for both laboratory testing (in white to dark backgrounds) colour matching, whereby a 
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minimum thickness that gives a good colour match may influence how the silicone 
sample (prosthesis) appears on the individual. Hence maxillofacial prosthetic outcomes 
are influenced by the sample thickness of elastomers and require a consistent thickness 
across the diameter of the sample to ensure consistency of colour match. This poses 
further research questions and is particularly significant for maxillofacial prosthetics 
where the periphery of the prosthesis blends into the natural patient skin for aesthetic 
effect. Ma et al., (1998) study highlighted the effects of sample thickness and surface 
texture on the final colour match of facial prostheses; demonstrating that a consistent 
mix thickness and standardisation of equipment were requisite control measures to 
decrease variables when collecting data. Ma et al., (1998) not only examined colour 
match but also evaluated the influence that stippling light (medium, and heavy) had on 
colour matching, which is especially important when considering skin tone and texture in 
maxillofacial prosthetics, however it did not use computerised digital colour technology 
hence comparisons between Ma et als. (1998) work and this research study must be 
viewed with caution. 
 
Does the Spectromatch system recipe formula reproduce a skin-silicone sample 
from the scans? 
A further laboratory test was to answer this research question. Overall, the results 
showed that the pigment loading (output), or the recipe mix, of 48 simulated skin silicone 
samples formulated by the Spectromatch system (fourteen colorants) reproduced the 
subject’s skin spectral data (input) scanned by the spectrophotometer. The Mean and 
SD were within or below 1 Delta ∆E value thereby demonstrating that the reproducibility 
of Spectromatch system silicone skin [Mean ∆E and SD (0.43 ± 0.16) to (1.36 ± 0.29) 
(see table 4.4 in results chapter 4). 
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These results demonstrated a very good colour match with overall Mean ∆E (± SD) when 
the samples were re-scanned and computed using the Delta E value, which lies within 1 
Delta E value therefore should be a visually acceptable colour sample when viewing by 
the human eye. This finding indicates the Spectromatch system potential for enhancing 
the current process of maxillofacial prosthetics. The standard process for colour 
matching facial prosthetics, to achieve low metameric matches; by the trial and error 
method is difficult and time consuming (Thomas, 1994; Troppmann et al., 1996). Indeed 
the Spectromatch system may simplify and speed up the colour selection process, which 
is paramount for the advancement of rehabilitation in maxillofacial prosthetics practice in 
facial deformities, due to cancer, trauma or congenital birth anomalies. Additionally the 
reliability of this colour matching system may reduce the likelihood of remaking the 
prosthesis due to patient dissatisfaction in colour match. Furthermore, the scan and 
recipe formula can be stored in the software system and re use again. This may benefit 
the NHS overall, as the time and costs of materials for the clinical procedure of colour 
selection will be reduced while maintaining a high patient-reported satisfaction with 
service. 
 
Additionally, this study demonstrated that the Spectromatch system utilises the patient’s 
reflectance curve to quantitatively select maxillofacial pigments from its palette skin 
colour range (14 colourants) to achieve an isomeric colour match between the 
maxillofacial prosthesis and the patient’s facial skin. Hence a closer colour match should 
be achieved and accepted by human eye. The Spectrophotometer colour palette range 
of fourteen pigments for formulating the patient’s colour formula recipe, has a wider 
range of colourants when compared to previous studies by Troppmann et al., (1996), 
Coward et al., (2008) and Seelaus et al., (2011) which used only four to nine pigments 
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(white, black, red, yellow, blue, red-brown, buff, umber, flesh). Although alternative 
approaches to pigmentation were used by Hunter (1997) (Ferro silicone paste pigments) 
and Paravina et al., (2009) using five artists oil pigments results of the Spectromatch 
system suggest that the wider range of pigments, along with the software, permits a 
greater shade tone colourant combination. Consequently replication of the pigment 
formula and skin silicone samples by the system, in part (iii) phase 1 demonstrated good 
colour reproducibility. 
 
Consequently, it could be cautiously concluded that the spectrophotometer (Konica 
Minolta 2300D) capture skin colour within spectral values (input). Furthermore the 
Spectromatch system software able to compute a formula whereby absolute colour 
values for human skin are obtained therefore the system’s programme facilitates the 
complex process of colour matching and recipe formulation. Moreover from one scan of 
three averaged measurements (15 minutes of clinical time), the Spectromatch digital 
colour system can capture the spectral reflectance for the patient facial skin colour, and 
formulate a silicone mix formulae replicating the patient’s skin (output). Whereas colour 
matching using the standard manual trial and error method may take up to 1 to 2 hours 
of appointment time dependent upon the skills of the prosthetists (Thomas 2006). Hence 
this single scanning procedure precludes additional patient visits, thus saving time and 
costs to both patient and the NHS. However, the human eye perception would ultimately 
define the acceptable colour difference thresholds in the various skin types. 
 
What are the colour difference thresholds for facial prosthetics? 
The literature revealed that when colour is detected by the human visual system the 
perceived colour depends on multiple elements. These include the spectral distribution of 
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colour stimulus, its shape, structure and the surroundings of the stimulus, and also the 
state of an observer’s visual system and their experience in colour assessment. An 
observer’s colour perception is subjective, resulting in varied and unpredictable colour 
evaluations and matching in clinical practice. Furthermore, the literature highlights the 
emergence of instruments for colour measurements in both, dentistry and facial 
prosthetics, a more objective and reliable alternative to conventional visual shade 
selection. Accurately measuring the physical attributes of colour stimulus, using such 
colour measurement devices, is thought to eliminate subjective variances in the shade / 
skin colour selection. There are many studies on perceptibility and acceptability visual 
thresholds across wider fields and in particular in dentistry (Douglas & Brewer, 1998; 
Ishikawa-Nagai et al., 2009; Lindsey & Wee, 2007; Ragain & Johnston, 2000, Ruyter et 
al., 1987; Seghi et al., 1989). These have been useful for evaluating the chosen 
methodological approach for this study. However, the results of previous studies varied 
depending on individual methodology’s, for example; the use of colorimetric or 
spectrophotometric measurement; and the type of tooth like dental materials or silicone 
simulated skin material measured; the type of device used to measure colour and the 
operator ability to undertake the measurements or visual judgments approach. The 
colour matching process in dentistry and facial prosthetics remains a complex task, 
however colorimetry and spectrophotometry measurements are standard methods and 
reliable. Although the results in dentistry were not directly comparable to the present 
study, as dental material differs from skin/simulated silicone samples, they did inform this 
study’s design. 
 
This study showed acceptable colour difference thresholds in Delta E (∆E) values were 
for: all subjects (∆E 1.54); for White (∆E 1.61); Chinese (∆E 1.87), and for Black (∆E 
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2.33). However, it was not possible to detect an acceptable threshold range for Indian 
group. It has demonstrated that a relationship exists between using the Spectromatch 
system to colour match simulated silicone skin and the subjects own skin colour in four 
ethnic groups, however a larger sample size for Indian subjects may be required to 
accurately determine colour match acceptability thresholds (quality markers) in this 
ethnic group. 
 
The results of this study using the Spectromatch system revealed colour assessors 
judgments / score (colour sensitiveness), or the error gradient for L* (Light/dark) axis 
(L*a*b*) CIE coordinates for all subjects, four ethnic groups (see table 4.6). 
Consequently the silicone skin samples grouped in the light to dark range Mean ∆E 
(Light 1.68 to dark 3.18 ∆E) for all groups may be viewed as having an acceptable colour 
match range. When view individually, the White group (Light 3.95 ∆E to dark 0.84 ∆E); 
Chinese (Light 2.01 ∆E to dark 3.00 ∆E); however in the Indian group the range was on 
the dark 2.26 ∆E to dark 4.41 ∆E; and in the Black (Light 2.63 ∆E to dark 6.60∆E). 
 
The colour assessors score for colour difference (errors gradient) was below 2 for a* axis 
(red/green) for all subjects in the four ethnic groups scores were below 2 thereby 
demonstrating that did not reach the predefined 2 cut-off point of acceptable colour 
match, showing that in this colour gradient, assessors where more sensitive to red/ 
green. This means that the amount of loaded colourant in the recipe formulae may have 
an effect on the processed skin simulated silicone sample and may influence human 
colour perception. 
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The colour difference scores (errors gradient) showed that for the b* axis (yellow/blue) 
Lab CIE coordinate all subjects within four ethnic groups demonstrated a range of 
acceptance below 2, four ethnic groups the range of acceptance was (1.58 ∆E) to (0.51 
∆E). Individually each ethnic group demonstrated greatest similarity in all groups except 
the black ethnic group: where White (2.73 ∆E) to (1.29 ∆E); for Chinese (2.73 ∆E) to 
(1.47 ∆E), for Indian group was below 2 score and black (2.43 ∆E) to (4.29 ∆E). 
 
It is interesting to note that the Indian ethnic group scans and samples created from the 
formula pigment loading (colourants) were closely correlated and reproducible in Phase 
1. However, in Phase 2, where samples were fabricated with an in built colour gradient 
on the L*a*b* axes, colours assessor were not able to identify a colour match at the level 
of 2 cut off of an acceptable score. This may be because the deviation of gradients in a* 
and b* axes coordinates, (green/red) and (blue/yellow), produces a wider detectable 
colour difference. This demonstrates that any colourant added to alter this colour range 
may introduce gross changes on the silicone skin sample, or prosthesis, outcome; 
thereby defining how the silicone / skin colour match is perceived by the human eye. 
Consequently outside these ranges the colour difference would be detectable by human 
eye thus unacceptable as a colour match. In turn this is useful for the experts in this area 
of science and engineering and may help providing guidance about the process of colour 
prediction and digital colour programming techniques. 
 
The results also demonstrated that inbuilt error gradient levels above 6 to 8 (black 
subjects) did not formulate an exact colour match. Hence The Spectromatch system was 
unable to accurately reproduce silicone samples from the spectral data parameters, 
however this may be ameliorated by the tool box recipe formulae digitally highlight this at 
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the formulating stage. Although the Spectromatch system software, has not been 
mathematically formulated to obtained recipes on the individual parameter of L*a*b*, at a 
higher inbuilt error gradients its capability to identify this problem to the researcher and 
practitioner was advantageous. This is an important finding to report to the Spectromatch 
manufactures to help improve the process for future clinical use. 
 
The overall results for acceptable colour difference thresholds for medical elastomers in  
facial prosthetics in the four ethnic groups demonstrated Delta E threshold (Lab) CIE of 
(1.54 ∆E); White (1.61 ∆E); Chinese (1.87 ∆E) and Indian was not detectable at 2 cut off 
point; and Black (2.33 ∆E). This will be use as the base line for further studies. The study 
by Leow et al., (2006) evaluated by derivation the specific colour differences thresholds 
defining perceptible and acceptable levels of colour sensitivity, on silicone colour 
matches for fair and dark skinned digit prostheses in a laboratory based study and 
reported thresholds for perceptibility and acceptability colour difference for fair-skin 
population were ∆E 0.8 and ∆E 1.8 respectively, and ∆E 1.3 and ∆E 2.6 for dark skin 
population. However, the study is limited to a base line hand prosthesis colour matched 
to a fair and dark skin-shade using a colorimeter (Chroma Meter CR-300, Minolta, 
Tokyo, Japan). They used a trial and error method, to achieve a target range of ∆E 
colour difference from the base line shade not a digital instrument. However, this study 
demonstrates that subjective visual assessment is positively correlated with ∆E values 
computed for colorimetric measurements for both fair and dark-shade silicone samples 
(p <0.001). 
 
Colour difference thresholds for maxillofacial skin replications have been reported by 
Paravina et al., (2009). Although Paravina et als., (2009) study was useful for identifying 
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a methodology and data analysis for colour matching the sample pigment loading and 
fabrication process was not digitally calculated. Additionally the minimum skin-sample 
thickness required for accurate measurements was not established as each sample was 
only 3mm thick, no addressing the minimum thickness required for optimal sample 
testing and how this may influence the outcome of the colour matching. Therefore this 
system results cannot be compared to the Spectromatch digital colour system as the 
samples in their study were fabricated using conventional method and the colourant 
recipe not digitally formulated. A further study by Seelaus et al., (2011) used the 
alternative CIELAB (1976) system for calculating colour differences it was useful for 
understanding the agreement between objective and subjective measures of colour 
match in samples 1 and 2. However, Seelaus et al., (2011) study was limited to 19 
African-Canadian subjects, using Hunters (1987) technology and to a formulae that is not 
directly comparable to the present study. 
 
This researcher’s study addressed many of the shortfalls identified in the above research 
studies. Firstly it tested the reproducibility of the spectrophotometer measurements, 
calculated the pigment loading required by the Spectromatch system software and tested 
the optimal sample thickness. This facilitated the identification of the positive correlations 
in colour differences, by comparing the computerised colour matching system to the 
difference determined by the assessors. This may infer that the Spectromatch system 
created samples where the colour match was deemed acceptable. Consequently the 
colour assessors perceptible and acceptable colour range and threshold (L*a*b* 
coordinates) across the four ethnic group silicone samples (n=97) for each subject was 
identified using 776 samples whereby 9312 colour match assessments or observation 
were performed by 12 assessors produced new findings in this field. 
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The Spectromatch digital colour system ability to address the effects of metamerism by 
applying trichromatic theory to calculate each combination of colourants when matching 
skin colour in different lighting conditions and amongst different observes may be seen 
as an advantageous. The results within caution demonstrated that this is an advanced 
technology available for digital colour technology for maxillofacial clinical practice. The 
base shades selection of measured skin tones used by this system may need to be 
reviewed, this study’s results demonstrates its adequacy when selecting the base 
shades for the White, Chinese, and Black skin tones. However the Indian ethnic group 
need further investigation. The recipe prediction engine was able to formulate and mimic 
the optical properties of real skin, thereby maintaining an acceptable sample colour 
match that may be viewed under different lighting conditions and will address the effect 
of metamerism; however the quality markers for the Indian group need further 
investigation when viewed by different observers. Although the Indian groups 
inconclusive may have arisen because of the small sample size and the software not 
being programmed to respond to this specific skin tone on a deviated colour gradient the 
methodology and the tool for measurements may be viewed as robust and may guide 
further studies validating these early findings with larger sample sizes. 
 
The Spectromatch system software converts a palette of spectral data transformer into a 
colour palette, and produces formulae of colour reproducing the patient’s skin based 
upon the scan measurement using a spectrophotometer of the skin colour space of 
subjects’ skin samples. In similar way to Hammad’s (2003) study in developing the Vita 
3D master Shade guide for restorative dentistry, this Spectromatch study offers a 
scientific evaluation of colour matching for facial prosthetics. As discussed earlier, the 
Spectromatch digital colour system has not been formally evaluated in clinical practice 
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despite assertions to its benefits in the process of colour matching facial prostheses, and 
improving patients’ outcomes (Nacher-Garcia & Kaur, 2009a,b). 
 
The possible main limitation of Phase 1 of the studies are that the sample data collected 
was based upon a small cohort of subjects only, and was exploratory in nature. 
However, it can be argued that the sample was representative of the various ethnic 
groups with light to dark skin and highlights gaps in the formulation processes. The 
analysis is valuable to establish the basis for this study Phase 2 and further research 
studies applicable in digital colour technology, i.e. the conventional trial and error method 
versus the digital technology method; and introduce a baseline data in digital facial 
colour technology. This study has identified within the time limitation of the doctoral 
studies the methodological approach; the importance of testing to the human eye and set 
the basis for further research. 
 
To minimise potential error in colour matching during maxillofacial prosthetic procedures 
based on individual skills and factors, this research has endeavoured to use the science 
and theory of colour to devise a standard, that will allow, colours to be classified 
numerically, for an easier and more precise transfer and communication of colour in 
maxillofacial prosthetics. This is an essential and significant step in establishing a new 
approach to produce facial prostheses. 
 
This study’s results can be used as the baseline to determine critical levels of the colour 
differences Delta E (∆E) values. However, the gold standard at which silicones samples 
cannot be distinguished from the subject’s natural skin, by lay public using the 
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Spectromatch digital system, cannot yet be establish due to this study’s small sample 
size. 
 
5.2 Summary of chapter 
The study suggests that the Spectromatch Pro digital colour system (Spectromatch Ltd., 
UK) with the spectrometer (Konica Minolta 2300D) can reproduce natural skin colour in 
silicone samples. This will assist the Maxillofacial Prosthetist to fabricate facial 
prostheses that have an acceptable colour match, as detected by the human eye within 
the range and limitations discussed above. Although the Indian subjects’ results were 
inconclusive, one can accept that the Indian colour range is within the light of dark skin 
tones, or perhaps the system skin data base is not capable of detecting this colour 
range. Hence this will inform the Spectromatch Company (Spectromatch Ltd., UK) that 
review and development of their human colour spectral data base whereby a larger 
library of human skin spectral data for formulating the skin colour palette is required. 
 
Overall, this study offers new insight into the scientific evaluation of the reliability and 
validity of advanced digital colour technology. This study has endeavoured to answer the 
gap in the literature, hence advancing the science in the practice and healthcare of 
craniofacial prosthetic reconstruction. Consequently the model and tools developed in 
this study for measurement and testing may result in a new clinical adjunct for the 
challenging process of colour matching facial prostheses. 
 
 
 
  
208 
 
Chapter 6 Conclusion 
 
Acceptance of a facial prosthesis ultimately is influenced by how realistically is coloured. 
The selection of the correct skin colour and reproduction has been a continuous 
challenge for the Maxillofacial Prosthetists within the NHS (UK) and internationally. 
Colour matching of facial skin still a complex procedure, using a manual trial and error 
method for colour match is subjective and unreliable (Johnston 2009; Paravina et al., 
2009; Troppmann et al., 1996). The most common way to evaluate and reproduce 
natural skin colour for maxillofacial prosthetics remains the technique of visual 
comparison of the patient skin and artistically mixed pigments with medical grade 
elastomers. This study has explored the existing literature highlighting the poor quality of 
existing methods and standard’s for facial prosthetics and the scientific irreproducibility of 
the trial and error method. Little evaluation and testing of the only available digital colour 
technology, for the maxillofacial prosthetics practice, have been undertaken thus far. 
 
This study’s findings suggest that rapidly emerging advancements in digital colour 
technology may provide a solution to overcome this challenge. With robust scientific 
evidence, new digital colour technology can be embraced with confidence to bring a 
radical shift in clinical practice and patient outcomes when colour matching maxillofacial 
prostheses. However this study’s conclusion that the Spectromatch digital colour system 
is a reliable tool for advancing the clinical practice of facial prosthetic rehabilitation needs 
to be viewed with caution. This supposition is based upon the limited sample size which 
infers that further testing is required in a wider sample of ethnicities and skin tones prior 
to its wider clinical implementation. 
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6.1 Specific indicators / findings of this study 
In relation to the research questions, the following specific indicators can be drawn from 
this study, see Table 6.1 below. 
 
Table 6.1 Specific indicators / findings of the study 
Phase 1 
 
 
Part (i) 
 
 
Scanner reproducibility: 
1. The spectrophotometer scans were repeatable (Mean 0.84 ± 0.38 
∆E) and positively highly correlated (r=0.99). 
2. Spectromatch system was able to reproduce with 1 scan (an 
average of 3 measurements) the skin colour of eight subjects from 
four ethic groups i.e. White, Chinese, Indian and Black. 
3. Formulating the colour recipe - a highly significant level of accuracy 
and reproducibility (p<0.05) was identified between the digital skin 
colour measurements (scans) both inter and intra subjects. 
 
 
 
 
Part (ii) 
 
4. It sets the overall minimum thickness for medical elastomer samples 
for testing at 8 mm for the wider population of White, Chinese, Indian 
and Black human skin shades. 
5. For individual ethnic groups: 6 mm was sufficient for White ethnic 
group; and 8 mm minimum thickness for dark skin tones. 
 
 
 
Part (iii) 
 
6. Silicone samples were able to be reproduced for facial prosthetics 
within an acceptable ∆E value [Mean ∆E and SD (0.43 ± 0.16) to 
(1.36 ± 0.29). 
Phase 2 
 
 
Colour 
assessment 
The Spectromatch system was able to reproduce the human skin colour 
population spectral data (input) into a clinically invaluable colour formula 
(output) for White, Chinese, Indian and Black population. 
 
7. Acceptable colour difference thresholds in Delta E (∆E) values. 
For all subjects (1.54 ∆E); for White (1.61 ∆E); Chinese (1.87 ∆E); 
Indian was not detected in this study; and for Black (2.33 ∆E). 
8. When L*a*b* parameters where assess individually, the India group 
did not reach the cut off. For the Black group, it had limitations and 
was not able to reproduce formula above 6 (+) (-) L*a*b* ∆E in build 
error gradients. 
9. The Spectromatch system may require some updating to its skin 
colour database and its formal colorants for the application of Indian 
and black skin colour shade. 
10. The acceptability range of error of ∆E for all subjects was (1.54 ∆E); 
whereas for Black higher ∆E Threshold of (2.33 ∆E) found to be 
acceptable. The system was not able to detect with higher error on 
darker (black skin) colours above gradients (6 ∆E). 
11. The limitations of this study - unable to determine acceptable colour 
error threshold with the ∆E for Indian skin colour. 
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6.2 Recommendations for future research 
Further studies are recommended to validate the findings of this exploratory and novel 
study. Further research is proposed to create robust key standards and this study’s 
methods and design may guide future research in maxillofacial practice. 
 
This may be achieved through: 
1) Visual acuity studies involving patients, relatives or and the wider community to 
explore the colour acceptability of prostheses. A colour match that is aesthetically 
acceptable to the patient, and can be objectively quantified has yet to be investigated. 
 
2) Studies comparing larger ethnicity and the effectiveness of advanced digital colour 
technology versus the standard procedure of trial and error method. This will establish 
the cost effectiveness of digital technology in terms of manpower and appointment times. 
 
3) Studies determining robustness of digitally coloured prostheses (comparing the 
physical properties and colour stability of silicone materials). Currently research identifies 
prosthesis produced using the standard method of trial and error, last from a few months 
to a year (Lemon et al., 1995). Hence facial prostheses may need to be replaced yearly; 
however this assumption requires objective testing. 
 
4) Studies evaluating the intra-rater operator outcomes for digital technology in terms of 
timescales for the colour match procedure. This will evaluate whether a wider range of 
healthcare professionals, with less expertise in colour matching, may undertake this 
process. Furthermore multisite studies may verify the generalisability and transferability 
of this procedure for more effective resource management. 
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5) Health economics of digital approach - Skin colour measurement comparison studies, 
for various ethnic groups in particular the Indian group, to determine the acceptable 
colour difference threshold, gold standard, at which the colour match of the silicone 
prostheses. More data is required from people from different ethnic groups, including 
mixed race, in order to build a full colour database. 
 
6) Laboratory studies - translucency factors and surface texture potentially affecting 
colour presentation and colour reproduction in medical grade elastomers are required. In 
this study the thickness of the samples was established for testing purposes, this was 8 
mm, which allowed measurement of the reflected colours and plotting of spectral 
reluctance curves for the samples. It was not possible to measure the light transferred 
through these samples with other type of silicone materials; this study was limited to the 
medical grade silicone M511 (Technovent Ltd.,). Therefore, a comparative study on a 
range of types of medical grade silicones that are currently use in the marker must be 
investigated. 
 
7) Web computerised service studies may be undertaken to take this technology to the 
patient, so that they may be able scan the deformity/defect and colour match it to 
account for skin colour changes throughout the seasons, sending the spectral data to the 
Maxillofacial Laboratory electronically for the fabrication of a new prosthesis. 
 
8) Studies testing if the pigments used by the Spectromatch Pro system leaches out from 
the silicone prostheses - Studies to perform contact experiment with the skin by using a 
skin patch test held in contact with the skin over 24 hours’ time or more, to test skin 
sensitivity from the pigments / materials used by the Spectromatch system. 
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9) To inform the Spectromatch Ltd engineers / manufacturer of the findings, thus support 
system development to predict better outcomes. 
 
6.3 Implications for practice  
This thesis covers the reproducibility and reliability of the colour matching aspect of 
medical elastomers (silicone) with advanced digital colour technology used in facial 
prosthesis according to colour information of the Spectromatch Pro digital colour system. 
This research raises several important issues in managing a prosthetics service and the 
novelty lies in providing new ideas, approaches and methodologies applied to investigate 
several aspects of this project to scientifically advance maxillofacial prosthetics and 
technology (see Table 6.2). 
 
Table 6.2 Implications for practice 
Phase 1 
 
 
Part (i) 
 
Standard 
Protocols 
 
 Testing the scanner spectral data / skin colour reproducibility: 
setting up a protocol for the colour matching process in clinical 
practice for facial prosthesis as method for enhancing speed of 
consultation and improving patient’s experiences. 
 
 
 
Part (ii) 
 
Standard / 
method 
 
 The minimum sample thickness for optimal colour 
measurements with the Spectromatch digital colour system 
applied and use for research testing method / experimental 
studies, i.e. prosthesis in light and dark skin tones. 
 
 
Part (iii) 
 
Standard / 
method 
 
 Standards - Method for testing the reproducibility of individual 
colour formulation / pigments for White, Chinese, Indian and 
Black ethnic groups, when producing facial prostheses. 
Phase 2 
 
 
Quality 
Standards / 
indicators 
 Standard operating procedures (SOP). 
 Investigating patient and public facial prosthetics colour 
acceptance. 
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The implications for Maxillofacial Prosthetists clinical practice offer the opportunity to 
positively embrace advanced digital colour technology to improve outcomes for patients 
with facial deformities. The original aim of the study was to test the Spectromatch Pro 
digital colour system for its validity in clinical practice. This study has demonstrated early 
objective evidence that this advanced digital colour technology can potentially improve 
patient outcomes, and advance maxillofacial prosthetics practice. 
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Bernal G. (1992) 
Effects of 
environmental factors 
on maxillofacial 
elastomers: part I - 
literature review. The 
Journal of Prosthetic 
Dentistry. 68 (2), pp. 
327-330. 
USA Maxillofacial 
materials 
 x Literature 
review/optical 
properties / 
Optical density 
and color changes 
evaluated. 
  
4 silicone 
materials/ 
Silastic 4-4210 
and Silastic 4-
4515, Medical 
Adhesive type 
A material/ 
Polyurethane  
Descriptive The optical properties of 
four maxillofacial 
prosthetic 
materials/materials were 
subjected to seven 
environmental variables/ 
All showed more changes 
in color and optical density 
than the newly introduced 
silicone A-102 material. 
Evaluated new silicone 
materials with different 
environmental 
variables/natural 
weathering; normal aging; 
two types of adhesives; two 
types of cleaning agents; 
and cosmetics.  
Andres C.J., Hague 
S.P. & Brown D.T. 
(1992) Effects of 
environmental factors 
on maxillofacial 
elastomers: Part II-
Report of survey. The 
Journal of Prosthetic 
Dentistry. 68 (3), pp. 
519-522. 
USA Maxillofacial 
materials 
  International 
Survey/ 
to determine the 
most frequently 
used materials in 
the fabrication of 
facial prostheses. 
 Descriptive Majority of prosthodontists 
used room temperature-
vulcanized silicone 
products, intrinsically 
colored with dry earth 
pigments or artist's 
pigments/ indicated the 
need for further research.  
The survey was useful 
information about 
advantages and 
disadvantages, methods of 
colouring, and the perceived 
properties of an “ideal” 
material. 
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Aungh S.C., Ngim 
R.C.K. & Lee S.T. 
(1995) Evaluation of 
the laser scanner as a 
surface measuring a 
tool and its accuracy 
compared with direct 
facial anthropometric 
measurements. British 
Journal of Plastic 
Surgery. 48, pp. 551-
558. 
Singapo
re 
Laser scanning 
techniques 
enabling the 
capture of 3-D 
images 
 Experi
mental
/prosp
ective 
study 
Direct 
anthropometric 
measurements/ 
Landmarks 
defined by Farkas. 
The subject was 
then 
laser scanned with 
the optical surface 
scanner and the 
laser scan 
measurements 41 
landmarks/ laser 
scan image. 
30 normal 
adult 
volunteers/ 
study sample  
24 females 
and 6 males, 
age range 17-
27 years. 
Descriptive 
statistics/ 
descriptive 
statistics/ 
Analysis of the 
83 laser scan 
measurements
/wide range of 
mean 
differences 
between 
standard and 
laser scan 
measurements 
41 landmark’s /12 
(14.0 %) showed a mean 
difference less than 1.0 
mm highly reliable  
measurements and 16 
(19.0 %) with less than 1.5 
mm difference reliable/ 
reliable measurements in 
the nasal regions and the 
landmarks in the  mid-
sagittal plane / laser 
scanner can be a useful 
tool for facial 
measurements . 
Accurate location of 
landmarks and operator skill 
are important factors to 
achieve reliable results. 
Beatty M.W., Mahanna 
G.K., Dick K. & Jia W. 
(1995) Color changes 
in dry-pigmented 
elastomers resulting 
from ultraviolet light 
exposure. The Journal 
of Prosthetic Dentistry. 
74 (5), pp.493-498. 
 
USA Colour changes in 
elastomers 
 Experi
mental 
Evaluation for 
colour changes 
(ΔE)/laboratory 
experimental. 
5 dry pigments 
and one 
maxillofacial 
elastomer 
/evaluated for 
colour 
changes (ΔE) 
/prolonged 
exposure to 
two types of 
ultraviolet light 
source for 
400, 600, and 
1800 hours, 
and ΔE colour 
shifts were 
determined. 
Descriptive 
statistics 
The unpigmented 
elastomer underwent 
minimally perceptible 
colour change after 600 
hours of exposure to both 
types of ultraviolet light/ 2 
pigments underwent 
colour change after 400 
hours/ 3 pigments 
remained colour stable 
after 1800 hours. 
/materials colour changes 
in prosthesis may be the 
result of degradation of 
certain ultraviolet light-
susceptible pigments/ 
elastomer. 
Small sample size 
Beumer J., Ma T., 
Marunik M., Roumanas 
E. & Nishimura R. 
(1996) Restoration of 
facial defects. In: 
Beumer J, Curtis TA, 
Marunik M, eds: 
Maxillofacial 
Rehabilitation: 
Prosthodontic and 
Surgical 
Considerations. 
Ishiyaku EuroAmerica: 
St Louis. pp. 377-453. 
 
USA Facial prosthetics 
techniques / 
application of 
materials. 
  Methods/ 
techniques. 
  The approach to facial 
prosthetics 
techniques/facial 
reconstruction and the use 
of materials. 
Limited to case approach 
and case studies. 
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Bergström K. (1996) 
Prosthetic procedures 
for orbital techniques. 
The Journal of Facial 
and Somato 
Prosthetics. 2, pp. 27-
35. 
Sweden 
 
Orbital prosthetics   Technique and 
Case Study 
  Indications and clinical 
approach of methods of 
care for aspects of orbital 
prosthetics. 
Adds to existing evidence 
base-clinical practice. 
Bergström K. (1997) 
Anaplastological 
techniques for facial 
defects. In: Brånemark 
P-I, Ferraz De Oliveira 
M, Craniofacial 
Prostheses: 
Anaplastology and 
Osseointegration. eds: 
Chicago: 
Quintessence: pp. 101-
110. 
Sweden 
 
Facial prosthetics 
planning and 
techniques. 
  Case studies   Indications and clinical 
approach of methods of 
care for aspects of facia 
prosthetics / technical 
approached documented. 
Adds to existing evidence 
base-clinical practice. 
Bergström K. (1998) 
Materials and artistic 
conceptions. In: 
Brånemark P-I, Tolman 
DE, eds: 
Osseointegration in 
Craniofacial 
Reconstruction. 
Chicago: 
Quintessence. pp. 207-
212.  
Sweden 
 
Facial prosthetics 
techniques / 
application of 
materials. 
  Case studies   Indications and clinical 
approach of techniques for 
manufacturing prostheses 
/ materials used. 
Adds to existing evidence 
base-clinical practice. 
Bicchierini M., Davalli 
A., Sacchetti R. & 
Paganelli S. (2005) 
Colorimetric analysis of 
silicone cosmetic 
prostheses for upper-
limb amputees. Journal 
of Rehabilitation 
Research & 
Development. 42 (5), 
pp. 655-664. 
 
Italy Systems 
comparison 
/human skin and 
coloured silicone. 
 Experi
mental 
Evaluation  5 
instruments/ a 
database/ colour 
coordinates of all 
Otto Bock / 
silicone samples/ 
Each silicone 
sample had three 
colour coordinates 
for each thickness 
(thin, medium, 
thick.  
2 instruments/ 
contact and 
non-contact 
on the skin/1st 
System: 
Spectrophoto
meter/ 2nd: 
Portable 
Spectrophoto
meter/ 3rd  
Fiber-Optic / 
4th: Scanner 
spectrophoto
meter/ 5th 
Imaging colour 
Analyser. 
 System 1-no suitable/ 
specific aspects and 
the silicone samples 
identified by the system 
were visibly darker than 
the corresponding 
points on the limb/ system 
2- lightweight and compact 
design/ good detecting 
colour of the skin and 
silicone samples 3 mm/ 3- 
system Lab coordinates of 
skin and silicone at a low 
initial cost/ 4- allow the 
operator to select pixel of 
image/ 5- the best ICA. 
Tested a number of 
automatic colour detection 
systems; optimization of the 
time and costs involved in 
producing silicone cosmetic 
prostheses/Attempted to 
identify a system that is 
capable of automatically 
detecting the colour of 
human skin by comparing it 
with a database of silicone 
samples. 
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Blokland., L. Borsboom  
P., Stokman M.; 
Reintsema H. & Oort, 
R. (2013). The 
Reproducibility and 
Applicability of an EFD 
Dispenser in the 
Prosthetic Technology 
of Maxillofacial 
Prostheses. Journal of 
Indian Prosthodontic 
Society.13 (3), pp. 220. 
 
Netherla
nds 
Reproducibility / 
method of dosing 
pigments in colour 
matching 
procedure in 
maxillofacial 
prosthetics / 
 
 Experi
mental 
Reproducibility of 
a Performus™ II 
type EFD® 
dispenser tested 
by repeating 
dosing a set of 
eight syringes 
filled with pigment 
pastes (Factor 2; 
Flagstaff, USA).  
Reproductions of 
four skin batches 
compared to the 
original batches, a 
increment E2000 
colour difference 
of 3-7 was 
measured. 
4 colour 
matched 
samples 
polymerized 
and compared 
to the original 
ones/a fifth 
recipe/ 
dispensed 10 
times/ colour 
differences 
evaluated 
visually 
/calculated 
with a colour 
translucency 
meter (CTM, 
PBSensortech
nology bv).  
Descriptive 
statistics /All 
dispensed 
amounts of 
pigment 
pastes 
showed a 
coefficient of 
variation in 
weight of less 
than 10 %.  
 
 
Evaluating 10 
reproductions of one skin 
coloured batch made with 
the dispenser, colour 
difference 
{increment}E2000 values 
compared to the average 
L*a*b* values, were less 
than 2 and no visual 
colour differences could 
be estimated./Low colour 
differences could be 
measured with the CTM, 
no visually observable 
consequences./successive 
dispensing is applicable 
for colour reproduction in 
facial prosthetics. 
 
Useful tool  but 
experimental at present. 
Bush K. & 
Anthonyshyn O. (1996) 
Three dimensional 
facial anthropometry 
using a laser surface 
scanner: Validation of 
technique. Plastic and 
Reconstructive 
Surgery. 98, pp. 226-
235. 
 
Malaysi
a 
Laser scanning 
technology/techniq
ue for accurate 3D 
documentation of 
the face. 
 x 3D surface data 
acquired using 
laser scanning 
device (Cyberware 
3030RGB 
digitizer) 
anthropometric 
analyses on the 
computer monitor. 
Stable 
anthropomorp
hic model/22 
anatomic 
landmarks 
scanned/ head 
inclination 
/four 
experimental 
conditions / 10 
observations. 
Descriptive 
statistics 
22 labelled landmarks 
were visualized and the 
variance in landmark 
localization was less than 
0.6 mm in the x 
(horizontal), y (vertical), 
and z (depth) dimensions. 
Varying head position or 
inclination caused 
significant degradation of 
the digitized image. 
One single model/ laser 
scanning technology/ a 
potentially useful technique 
for accurate three-
dimensional documentation 
of the face/ initial findings 
for the clinical adaptation of 
this diagnostic tool for 
quantitative evaluation of 
facial surface anatomy. 
 
Buzug T.M.; Sigl K.M., 
Bongartz J. & Prüfer K. 
(2007) Medical and 
Archeological Methods 
of the Reconstruction 
of Soft Facial Parts. 
Facial Reconstruction 
Gesichtsrekonstruktion
. (Eds.) Luchterhand. 
Gemany Computer aided 
facial 
reconstruction 
  Application of 
digital 
technology/case 
studies 
  Add to the evidence base 
of the past, present and 
future in facial 
reconstruction. 
Limited to case studies and 
methods of reconstruction. 
Byrne A. & Hilbert D. 
(1997) A Glossary of 
Color Science. 
Readings on Color, 
Vol. 2: The Science of 
Color (MIT Press). 
UK Colour   2 anthologies / a 
survey of the 
important recent 
philosophical and 
scientific writings 
on colour.   
  Volume 1 - a resource for 
philosophical work on 
colour.  
volume 2 - colour science 
that is relevant to 
philosophical thinking 
about colour. 
An addition to knowledge/ 
the physics and 
measurements of 
colour/colour vision/ a 
survey of the important 
recent philosophical and 
scientific writings on colour. 
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Chen L.H., Tsutsumi S. 
& Lizuka T. (1997) A 
CAD/CAM technique 
for fabricating facial 
prostheses. The 
International Journal of 
Prosthodontics. 10, pp. 
467-472. 
Japan Computer-aided 
designing 
manufacturing 
CAD/CAM/facial 
prosthetics 
  A case report   A computer-aided 
designing and 
manufacturing (CAD/CAM) 
technique for clinical 
fabrication of  facial 
prostheses /laser surface 
scanning was applied to 
acquire data/ fabrication of 
facial prosthesis. 
A technique approach. 
Chu S.J., Trushkowsky 
R.D. & Paravina R.D. 
(2010). Dental color 
matching instruments 
and systems. Journal 
of Dentistry. 38 (2), pp. 
2-16. 
 
USA Dental colour 
matching 
instruments 
/systems.  
 
  Review of clinical / 
research 
aspects/Crystal 
eye, Easy shade 
compact, ShadeX 
Spectro-shade 
micro 
spectrophotomers/ 
shade vision 
colorimeter. 
Medline 
database from 
1981 to 2010 
were searched 
electronically 
with key words 
tooth, teeth, 
colour and 
dentistry. 
 
 Spectrophotometers, 
colorimeters and imaging 
systems/ relevant tools for 
tooth colour measurement 
and analysis/ quality 
control of colour 
reproduction/ measure the 
complete tooth surface 
providing a “colour map” 
or an “average” colour of 
the limited area [3–5 mm] 
on the tooth surface.  
Advance digital instruments 
are useful tools in colon 
analysis for direct or indirect 
restorations, communication 
for indirect restorations, 
reproduction and verification 
of shade/predictable 
aesthetic outcome. 
 
Corciolani A. & Vichi. 
(2006) A. Repeatability 
of colour reading with a 
clinical and a 
laboratory 
spectrophotometer. 
International Dentistry 
SA. 8 (5), pp. 62-70. 
Italy Evaluation of 
repeatability of 
readings / clinical  
and laboratory 
spectrophotometer 
 x Spectrophometer 
readings/repeated 
5 scans 
measurements/ 
Testing/readings 
by ΔE values. 
Two 
spectrophoto
meters/5 
ceramic disks 
–samples, 
metal disks of 
15mm in 
diameter and 
0.7mm thick 
/ceramic 
Omega 900 
(Vita)A3. 
statistically 
evaluated 
/coefficient of 
variation (CV), 
the ratio of the 
standard 
deviation 
to the mean of 
the CIELab* 
colour values. 
Repeatability of the 
readings  were acceptable 
and comparable to the 
laboratory one/ CIELab* 
shade/low values of the 
coefficient variation 
0,002<CV<0,111) were 
obtained for Ocean Optics 
PSD1000 /for Easyshade/ 
fixing the handpiece of the 
device to a graded stand 
(0<CV<0,022) and holding 
it by hand 
0,008<CV<0,913). 
clinical spectrophotometer 
is reliable instrument to 
obtain objective shade 
selection in clinical 
circumstances/ the 
colorimeter is a  simple and 
low-cost instrument/ 
spectrophotometer is 
designed to measure an 
observed object by 
reflection. 
 
Coward T.J, Scott 
B.J.J., Watson R.M. & 
Richards R. 2000 
Laser scanning of the 
ear identifying the 
shape and position of 
subjects with normal 
facial symmetry. 
International Journal of 
Oral and Maxillofacial 
Surgery. 29, pp. 18-23. 
UK 
 
Laser scanning/ 
3D computer 
measurements of 
face 
  x  Computer-
generated images 
created from laser 
scans of 20 
subjects/measure
ments between 
landmarks on the 
ear and face.  
laser scans of 
20 subjects 
Descriptive Measurements of the ear 
could be determined with 
a laser scanning 
technique/ location of  ear 
could be reliably 
measured with respect to 
those on the midline of the 
face. 
Limited to one part of the 
face/auricular. 
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Coward T.J., Seelaus 
R. & Li S.Y. (2008) 
Computerized Color 
Formulation for 
African-Canadian 
People Requiring 
Facial Prostheses: A 
Pilot Study. Journal of 
Prosthodontics. 17 (4), 
pp. 327-335. 
 
UK Spectrophotometr
y and a 
computerized 
color formulation 
 Experi
mental 
prospe
ctive 
study, 
Delta-E values 
were recorded for 
each silicone 
sample in 
comparison to the 
subject's skin 
measurement. 
19 African-
Canadian 
subjects. 
analysis of 
variance / a 
Tukey HSD 
post hoc test 
was used to 
assess paired 
comparisons. 
 
Prediction of pigment 
formulas for silicone 
elastomer to match the 
skin color /spectral data/ 
computerized color 
formulation system/match 
subject's skin color / Delta-
E decreased with iterative 
mixes and pigment loading 
increased /Delta-E values 
for the third iterative mix 
(fourth and final sample) 
ranged between 1.49 and 
8.82. 
Limited to a pilot study/one 
colour skin tone/ useful for 
computerized color 
formulation provide a 
foundation in the color 
matching procedure for 
facial prostheses/objectivity. 
 
Culpepper W.D. (1970) 
A comparative study of 
shade-matching 
procedures. The 
Journal of Prosthetics 
Dentistry. 24 (3), pp. 
166-173.  
 
USA Shade matching/ 
dentistry 
 Experi
mental 
Suvey/abilities of 
37 practicing 
dentists/shade 
assessments 
37 dentist /6 
teeth/ 4shade 
guides/4 light 
sources/  total  
96 shades/ 
assessors 12 
of the original 
group dentists 
surveyed/abilit
ies in 
duplicating 
their own 
selections of 
two of the 
original natural 
teeth/32 
selections/ 
Bioform, 
Bioblend, New 
Hue,* and 
Imperial 
guide. 
Descriptive Lack of consistency 
among the individual 
dentists  in matching 
natural tooth shades/ 
/ Of the four prosthetic 
shade guides tested, none 
produced consistent 
results/on matching six 
natural teeth under four 
different light sources/ Of 
the four light sources 
tested, none apparently 
contributed to consistency 
in clinically matching the 
shades of six natural 
teeth/.colour perception 
varies from one individual 
to another. 
The shades of some natural 
teeth are matched more 
easily than others/more 
uniform coloration. 
/prosthetic shade guides 
used in this study did not 
meet the clinical needs for 
the teeth being matched. 
 
Davis, 2010; Davis 
B.K. (2010) The role of 
technology in facial 
prosthetics. Current 
Opinion in 
Otolaryngology and 
Head and Neck 
Surgery. 18 (4), pp. 
332-340. 
 
USA Review technology 
/fabrication 
process of facial 
prosthetics. 
  Case studies/ 
computerised 
shade selection, 
3D digital 
photography, 
virtual surgical 
planning, surface 
scanning, 3D 
imaging to obtain 
the wax pattern. 
  The incorporation of 
technology into the 
fabrication process of 
facial prostheses/ potential 
for better treatment 
process from a time-
consuming artistically 
driven process to being a 
reconstructive 
biotechnology process. 
Limited to reported studies 
documenting the effect of 
computerized color 
formulations for facial 
prosthesis/ other 3D 
approaches. 
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Del Valle V., Faulkner 
M.G., Wolfaardt J.F., 
Rangert B. & Tank H-
K. (1995) Mechanical 
evaluation of 
craniofacial 
Osseointegration 
retention Systems. 
International Journal 
Oral Maxillofacial 
Implants. 10, pp. 491-
498. 
 
USA Evaluates 
mechanical 
behaviour of 
retention systems 
used in 
craniofacial 
osseointegration 
/Apparatus used 
to evaluate the 
performance of 
two facial 
prosthetic 
adhesives. 
 Experi
mental 
Tests- a typical 
auricular situation, 
3points  retention. 
Jigs that could be 
reproducibly 
positioned 
retentive 
components. The 
test apparatus 
provided vertical 
and horizontal 
loads in five 
locations. 
test two ball-
and-socket 
attachments 
(Dalla Bona; 
Nobelpharma)
cast and 
preformed bar 
(Nobelpharma
) three magnet 
systems 
(Dynamag; 
Neomag; 
Technovent). 
Descriptive 
statistics 
Retention systems 
employed in craniofacial 
osseointegration offer 
more predictable retention 
than the facial prosthetic 
adhesives.   
Magnet systems are best 
used where only tensile 
forces are anticipated or 
where horizontal forces on 
the implants are to be 
avoided. 
Small experimental study. 
Small sample size, 
Adds to existing evidence 
base-results. 
Douglas R. D. 1997 
Precision of in vivo 
colorimetric 
assessments of teeth. 
The Journal of 
Prosthetic Dentistry. 
77, pp. 464-470. 
 
Canada Colorimetric 
assessments of 
teeth. 
 x Repeated colour 
measurements / 3 
separate 
days/Inter-
examiner 
repeatability tested 
CIELAB same 
tooth/2 different 
examiner 
combinations, 
using the 
positioning device 
( Minolta 
CR-321)/ The 
protocol was 
repeated 14 /28 
days/inter-
examiner reliability 
between 
examiner. 
1 stone dental 
model /7 
subjects/ 
intraclass 
correlation 
coefficients   
The repeatability of an 
intraoral positioning device 
for a tristimulus 
photoelectric colorimeter/ 
left maxillary central 
incisors / a colorimeter, 
equipped with a custom 
positioning jig, had 
acceptable precision for 
intraoral measurement of 
longitudinal changes in 
tooth colour/ Repeatability 
colour differences were 
0.34 AE units for  intra-
examiner assessments/ 
inter-examiner  0.13 and 
0.61 AE units for the two 
examiner pairs. 
 
Douglas R.D. & Brewer 
J.D. (1998) 
Acceptability of shade 
differences in metal 
ceramic crowns. The 
Journal of Prosthetics 
Dentistry. 79 (3), pp. 
254-260. 
 
Canada Quantify colour in 
dentistry/advance 
technology. 
 x Colour 
assessments/ 
CIELAB 
colorimetric 
system/ measured 
color differences 
(ΔE) and human 
observer/color 
differences in 
metal ceramic 
crowns. 
 
Pairs of metal 
ceramic 
crowns /color 
difference 
varied /to 
discern a 
difference in 
each pair's 
color/ shade 
difference 
between the 
crown pairs 
Descriptive/ 
Correlations 
Correlations between 
instrumental-visual 
assessment did not 
agree/Thresholds 
acceptability 1.1 ΔE for 
red-varying crowns/ 2.1 
ΔE units for yellow-varying 
crowns /perceptibility 
judgments were 
significantly lower than 
thresholds for acceptability 
judgments/ more sensitive 
in yellowness. 
Currently used in esthetic 
restorative materials 
research. However, 
parameters for the size of 
perceptible and acceptable 
colour differences in metal 
ceramic crowns have not 
been determined 
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Lindsey D.T. & Wee 
A.G. (2007) 
Perceptibility and 
acceptability of 
CIELAB color 
differences in 
computer-simulated 
teeth. Journal of 
Dentistry. 35, pp. 593-
599. 
 
USA Perceptibility and 
acceptability of 
tooth color 
differences 
 x Responses to 
tooth color 
differences (ΔE) 
were measured on 
each of the three 
principal axes of 
CIELAB color 
space (L*, a*, and 
b*). As a control, 
responses to ΔE = 
0 (the false alarm 
rate) were also 
measured in the 
same 
experimental 
session. 
 
12 dental 
professionals 
/4 dental 
patients 
served as 
subjects. 
 No group differences 
among subjects were 
found. All gave 50% match 
or acceptance points that 
averaged about 1.0 ΔE 
units in the L* and a* 
directions, and 2.6 units in 
the b* direction. False 
alarm rates across all 
subjects averaged 27% 
(4–55%) and 28% (0.4–
61%). Colour difference 
thresholds for our 
simulated teeth are 
generally in line with and 
extend results obtained 
with studies using “real” 
dental materials/ No 
differences between 
thresholds for acceptability 
versus perceptibility were 
found. 
Useful method to determine 
the perceptibility and 
acceptability of tooth color 
differences using computer-
generated pairs of teeth 
with simulated gingival 
displayed on a calibrated 
color monitor using 
appropriate signal detection 
theory methodology (SDT). 
 
D’Urso P.S., Barker 
T.M., Earwaker W.J., 
Bruce L.T., Atkinson 
L., Lanigan M.W., 
Arvier J.F. & Effeney 
D. (1999) 
Stereolithographic 
biomodelling in 
craniomaxillofacial 
surgery: A prospective 
trial. Journal of 
Craniomaxillofacial 
Surgery. 27, pp. 30–
37. 
 
Australi
a 
Stereolithographic 
(SL) biomodelling 
 prospe
ctive 
trial 
 
assessment to test 
hypothesis that 
'biomodels in 
addition to 
standard imaging 
had greater utility 
in  
surgery performed 
than the standard 
imaging alone' 
45 patients 
craniofacial, 
skull base 
cervical spinal 
pathology/sele
cted. 3-D CT 
or MR 
scanning  
performed/dat
a converted 
into a form 
acceptable to 
the rapid 
prototyping 
technology 
SL/used to 
guide a laser. 
Descriptive 
statistics. 
biomodels used by 
surgeons for patient 
education, diagnosis and 
operative 
planning/improve  
44.09%, images with 
biomodel 82.21%, P<.01) 
and diagnosis (images 
65.63%, images with 
biomodel 95.23%, 
P<.01)/ improve 
measurement accuracy 
(image measurement error 
44.14%,biomodel 
measurement error 7.91%, 
P<.05)/biomodels reduced 
operating time by a mean 
of 17.63%/ cost effective 
at a mean price of $1031 
AUS/Patients found these 
helpful for informed 
consent (images 63.53%, 
biomodels 88.54%, 
P<.001. 
Stereolithographic (SL) 
biomodelling a new 
technology (3-D)/ 
computed tomography (CT) 
data to be used to 
manufacture solid plastic 
replicas of anatomical 
structures (biomodels)/ 
/facilitated diagnosis and 
operative planning/allowed 
surgeons to rehearse 
procedures readily and 
improved communication 
between colleagues and 
patients. 
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Eggebeer D., Bibb R. 
and Evans P. (2007) 
Digital technologies in 
extra-oral, soft tissue, 
facial prosthetics: 
current state of the art. 
The Journal of 
Maxillofacial 
Prosthetics and 
technology. 10, pp. 9-
16. 
 
UK computer-aided 
techniques /  
 Experi
mental 
Research 
approach /multiple 
case studies to 
evaluate the 
current capabilities 
of digital 
technologies in the 
preparation, 
design and 
manufacture of 
maxillofacial 
prostheses. 
Case studies  Indicates where RP has 
demonstrated potential 
clinical application and 
where further technical 
developments are required 
/direct developments that 
would meet the needs of 
maxillofacial 
prosthetists/addressed the 
application of RP to the 
direct manufacture of 
substructures, retention 
components and 
texture./identified quality, 
economic, technological 
and clinical implications of 
the application of digital 
technologies/ application 
of Rapid Prototyping (RP). 
Originality/Value research 
studies explored digital 
technologies in maxillofacial 
prosthetics; they have relied 
on individual studies 
applying a single RP 
technology to one particular 
aspect of a prosthesis. 
Fehrencamp S. (1997) 
An implant-supported 
and retained auricular 
prosthesis: a case 
report. Journal Facial 
and Somato 
Prosthetics. 3, pp. 125-
133. 
USA Auricular 
retention/facial 
prosthetics 
  Case study   Highlights the procedure 
and advantages of 
auricular prosthesis 
retained by implants. 
Limited to a case report. 
Ferraz De Oliveira.  
(1998) M. Auricular 
prosthesis. In: 
Brånemark PA, 
Tolman DE, eds: 
Osseointegration in 
Craniofacial 
Reconstruction. 
Chicago: 
Quintessence. pp. 213-
221. 
Brasil Computer-aided 
techniques / 
maxillofacial 
prosthetics 
 Experi
mental 
Research 
approach /multiple 
case studies to 
evaluate the 
current capabilities 
of digital 
technologies, 
design and 
manufacture of 
maxillofacial 
prostheses. 
Series of 
maxillofacial 
prostheses. 
 RP has demonstrated 
potential clinical 
application / technical 
specification towards 
which RP maxillofacial 
prosthetists/ quality, 
economic, technological 
and clinical implications 
/digital technologies in 
maxillofacial prosthetics/ 
application of RP.  
Maxillofacial Prosthetics is 
faced with increasing 
patient numbers and cost 
constraints. 
Originality/Value – research 
studies explored digital 
technologies in maxillofacial 
prosthetics. 
Fine L., Robinson J.E., 
Barnhart G.W. & Karl 
L. (1978) New method 
for coloring facial 
prostheses. The 
Journal of Prosthetic 
Dentistry. Jun; 39 (6), 
pp. 643-649. 
USA Colour  techniques 
in maxillofacial 
prosthetics 
  A case report/ Review of 
materials/tech
nical 
approach. 
 Use of colour in 
maxillofacial 
prosthetics/material 
application/techniques. 
Adds to the evidence base 
in colour/clinical approach. 
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Finger R.P., Fenwick 
E., Hirneiss C.W., 
Hsueh A., Guymer 
R.H., Lamoureux E.L. 
&  
Keeffe JE. (2013). 
Visual impairment as a 
function of visual acuity 
in both eyes and its 
impact on patient 
reported preferences. 
PLoS One. 8 (12), pp. 
1-5.:e81042. doi: 
10.1371/journal.pone.0
081042. eCollection. 
 
Australi
a/ 
German
y 
Visual acuity   cross-sectional 
study/ 
1085 patients / 
254 controls 
rated 
preferences 
with the 
generic 
health-related 
(EQ-5D; 
n = 868) and 
vision-specific 
(Vision and 
Quality of Life 
Index 
(VisQoL); 
n = 837) multi-
attribute utility 
instruments 
(MAUIs). 
 
  VisQoL, utility scores 
decreased significantly 
with deteriorating vision in 
both the better and worse 
eyes when analysed 
separately/stratified by the 
6 vision states, VisQoL 
utilities decreased as VA 
declined in the worse eye 
despite stable VA in the 
better eye/ Differences in 
VisQoL scores were 
statistically significant for 
cases where the better 
eye had no vision 
impairment and the worse 
seeing fellow eye had 
mild, moderate or severe 
vision impairment. 
Implications for the 
assessment of overall visual 
impairment as well as 
economic evaluations within 
eye health 
Gary J.J., Huget E.F. & 
Powell L.D. (2001). 
Accelerated color 
change in a 
maxillofacial elastomer 
with and without 
pigmentation. Journal 
of Prosthetic Dentistry. 
85 (6), pp. 614-620. 
 
USA Colour stability in 
elastomers 
 x RTV elastomer; 1 
natural inorganic 
pigment, burnt 
sienna; and 2 
synthetic organic 
pigments, Hansa 
yellow and alizarin 
red/ 8 test groups 
of 10 polymerized 
specimens were 
established. 
Groups 1 – 2 
control, 1 
elastomer. Groups 
3 -4 composed of 
elastomer and 
burnt sienna. 
Groups 5 -6 
Hansa yellow. 
Groups 7- 8 
alizarin  
red/sunlight/ over 
time. Before and 
after weathering, 
the L* a* b* color 
parameter (ΔE*) 
measured. 
1 elastomer/ 3 
pigments  
Descriptive Mean color changes that 
occurred in Arizona were 
larger than those 
produced in Florida/ 
differences ranged from 
0.4 (alizarin red groups) to 
2.36 units for the 2 
unpigmented control 
groups. Other differences 
showed significance for 
the unpigmented (P=.001), 
burnt sienna (P=.006), and 
Hansa yellow groups 
(P=.001). 
Outdoor weathering 
tested/methods  used 
provided a valid baseline for 
future research  
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Gary J.J. & Smith C.T. 
(1998). Pigments and 
their application in 
maxillofacial 
elastomers: a literature 
review. Journal of 
Prosthetic Dentistry. 80 
(2), pp. 204-208. 
 
USA Pigments used for 
facial prosthetics 
 literatu
re 
review 
Includes common 
pigment / names 
and numbers, 
lightfastness 
categories, 
chemical type and 
class/chemical 
formulas of the 
common pigments 
/maxillofacial 
prosthetics. 
  The pigments used with 
silicone elastomers do 
exhibit a color change, 
and that a color change is 
to be expected 
Limited to literature review 
in colour change. 
Godoy A.J., Lemon 
J.C., Nakamura S.H. & 
King G.E. (1992) A 
shade guide for acrylic 
resin facial prostheses. 
Journal of Prosthetic 
Dentistry. 68 (1), pp. 
120-122. 
 
USA 
 
Colour shade 
guide 
  x different colours of 
autopolymerizing 
acrylic resin/mixes 
with dry earth 
pigments/(Artskin 
Products Co., 
Norfolk, Va.) 
measured with a 
Roach wax carver, 
average of 0.0158 
gm, and with a 
Hue-Friedy 
Cleoid discoid 
89/92 carver, an 
average of 
0.0024 gm/four 
readings on an H6 
scale (capacity, 
160 gm) (Mettler 
Instrument Corp., 
Heightstown, N.J.)  
7 colour 
acrylic resin 
polymers. 
 
 An acrylic resin shade 
guide developed using 
materials and instruments 
available in 
the dental office, namely 
autopolymerising acrylic 
resin/different colours 
(clear, pink, and tooth-
coloured) and dry 
earth pigments. When 
necessary, shades can be 
altered by changing the 
proportions of a given 
formula. 
Limited to a shade 
guide/acrylic 
components/old 
method/time consuming. 
Goiato M.C., 
Pesqueira A.A., 
Ramos da Silva C., 
Gennari Filho H. & 
Micheline dos Santos 
D. (2009) Patient 
satisfaction with 
maxillofacial prosthesis 
– Literature review. 
Journal of Plastic, 
Reconstructive & 
Aesthetic Surgery. 62 
(2), pp. 175-180. 
 
Brasil Literature 
review/Patients 
satisfaction/facial 
prosthetics 
  Medline PudMed 
search from 1967 
to June 
2008/limited to 
human trials/62 
references/ 
maxillofacial 
prosthesis/patients 
satisfaction/ 
positive live 
evaluation/head/n
eck cancer/quality 
of life/obturators. 
  Discuss the various 
themes/absence of 
validated questionnaires a 
major problems in 
evaluating quality of life/ 
lack of data leads to a 
subjective result/ 
heterogeneous an 
reduced sample/ conduct 
a limited literature review 
on patient satisfaction with 
maxillofacial prosthesis. 
Limited to search 
information in data base/62 
reviews. 
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Goiato M.C., 
Pesqueira A.A., dos 
Santos D.M., Zavanelli 
A.C & Ribeiro Pdo P. 
(2009). "Color stability 
comparison of silicone 
facial prostheses 
following disinfection. 
Journal of 
Prosthodontics. 18 (3), 
pp. 242-244. 
Brasil Colour stability/ 
maxillofacial 
materials 
 Experi
mental 
Color stability 
analysed by 
spectrophotometry
2 months after 
making the 
specimens.  
28 specimens/ 
Silastic MDX 
4-4210 
silicone and 
the other half 
from Silastic 
732 RTV 
silicone/ four 
groups: 
Silastic 732 
RTV and MDX 
4-4210 with 
disinfection 
three times a 
week with 
Efferdent and 
Sliastic 732 
RTV and MDX 
4-4210 
disinfected 
with neutral 
soap. 
ANOVA and 
Tukey test 
with 1% 
reliability were 
used for 
statistical 
analysis. 
Disinfection with Efferdent 
did not statistically 
influence the mean color 
values/ The factors of 
storage time and 
disinfection statistically 
influenced color stability/ 
disinfection acts as a 
bleaching agent in silicone 
materials. 
 
Limited to 2 months only 
laboratory exposure/ 
influence of chemical 
disinfection and storage 
time. 
Gonzalo-Diaz D.J., 
Lindsey D.T., Johnston 
W.M. & Wee A.G. 
(2007) Measurement 
of color for craniofacial 
structures using a 
45/0-degree optical 
configuration. The 
Journal of Prosthetics 
Dentistry. 97 (1), pp. 
45-53. 
USA Facial 
structures/colour 
measurements 
  x Spectroradiometer 
noncontacting 
45/0-degree (45-
degree illumination 
and 0-degree 
observer) 
/measure color of 
subjects’ vital 
craniofacial 
structures (central 
and lateral incisor 
and canine, 
attached gingiva, 
lips, and facial 
skin).  
120 subjects 
stratified into 5 
age groups/4 
racial 
/evaluation of 
validity, linear 
regressions 
and 95% 
confidence 
intervals were 
calculated for 
ΔL*, Δa*, Δb* [ 
(CIE) LAB 
values] /22 
color patches/ 
For test-retest 
reliability, 
sample of 12 
(10%).  
Paired t tests, 
correlations, 
and Bland-
Altman 
analyses were 
performed. 
For validity, the mean 
color difference and linear 
regression for Commission 
Internationale d’Eclair-age 
(CIE) LAB values between 
measured and certified 
color of the 22 opaque 
color patches were ΔE of 
1.46 and 0.99 for all 
regressions, respectively. 
Only Δa* did not contain 
zero in its 95% confidence 
interval. For test-retest 
reliability, no paired t tests 
were significantly different 
from each other, and the 
Pearson correlation 
coefficient ranged from 0.9 
(9 pairs) to 0.7 (3 pairs). 
Ten of the 18 Bland-
Altman plots showed good 
reliability. 
 
 
Useful to methodology 
applied / spectral 
reflectance of craniofacial 
structures can be measured 
with acceptable validity and 
test-retest reliability using a 
noncontacting 45/0-degree 
optical configuration. 
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Granström G, 
Bergeström K, 
Tjellström A. (1993) 
The bone-anchored 
hearing aid and bone-
anchored epithesis for 
congenital ear 
malformations. Journal 
of American Academy 
of Otolaryngology-
Head and Neck 
Surgery. 109, pp. 46-
53. 
Sweden Facial 
prosthetics/conge
nital malformations 
 x Comparison/ 
surgery for 
correction of aural 
atresia/ between 
plastic surgery for 
auricular 
reconstruction and 
the bone-anchored 
epithesis/between 
hearing  and 
hearing aid. 
156 ears in 
111 patients. 
Descriptive The bone-anchored 
epithesis is an excellent 
alternative to plastic 
reconstructive surgery of 
the auricle/ bone-anchored 
hearing aid could be 
considered as a strong 
alternative to surgery in 
patients with meatal and 
middle ear atresia in 
patients with advanced 
malformations.  
Adds to existing evidence 
base results / treatment 
outcomes for maxillofacial 
reconstruction/congenital 
deformities. 
Guttal S.S., Patil N.P., 
Nadiger R.K. & 
Kulkarni R. (2008) A 
study on reproducing 
silicone shade guide 
for maxillofacial 
prostheses matching 
Indian skin color. 
Indian Journal of 
Dental Research. 19 
(3), pp. 191-195. 
India Shade guide 
/facial prosthetics 
 x Visual assessment 
of the samples / by 
four evaluators to 
check the 
agreement of color 
match 
Ten powder 
pigments/ 
silicone 
sample/3 
subjects/ light, 
medium and 
dark skin/. 4 
step wedge 
silicone 
samples of 1, 
2, 4 and 6mm 
Statistics/ 
kappa 
coefficients. 
The kappa values 0.09-
0.44 for a light skin tone, -
0.11 to 0.77 for medium 
skin and 0.44 to 0.85 for 
dark skin tones/ samples 
of dark skin tone matched 
the skin tone well/ a 
statistically good 
agreement 
Limited to a standard 
procedure and no digital 
calculated. 
Hanson M.D., Shipman 
B., Blomfield J.V. & 
Janus C.E. (1983) 
Commercial cosmetics 
and their role in the 
coloring of facial 
prostheses. The 
Journal of Prosthetic 
Dentistry. 50 (6), pp. 
818-20. 
USA Cosmetics 
industry /colour 
/facial prosthesis 
  Literature review   Identifies he role of 
cosmetics to support the 
colour matching interface 
of the prosthesis and skin. 
Techniques and 
approaches to help improve 
the outcomes of prosthetics 
rehabilitation /colour match 
patient’s complexions 
adjacent to the prosthesis. 
Haug S.P., Moore B.K. 
& Andres C.J. (1999). 
Color stability and 
colorant effect on 
maxillofacial 
elastomers. Part II: 
weathering effect on 
physical properties. 
Journal of Prosthetic 
Dentistry. 81 (4), pp. 
423-430. 
 
USA Colour stability 
and colorant effect 
on maxillofacial 
elastomers/ 
Colorant effect on 
physical properties 
 Experi
mental
/part II 
15 dumbbel/ 15 
trouser-shaped 
specimens/ 3 
elastomers 
(Silastic medical 
adhesive type A, 
Silastic 4-4210, 
and Silicone A- 
2186)/6 colorants 
dry 
pigments/hardnes
s and tear strength 
A total 180 
specimens 
1 way analysis 
of variance/ 4 
physical 
student-
Newman-
Keuls multiple 
range test 
significance 
level of .05. 
The addition of colorants 
changed the physical 
properties of the silicones. 
Dry earth pigments, kaolin, 
and rayon flocking 
appeared to act as a solid 
filler without 
bonding, and artist's oils 
and liquid cosmetics  act 
as a second liquid phase 
without bonding 
to the silicone resin matrix/ 
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Honda M., Niimi A., 
Nosaka Y., Ueda M., 
Kasiwada K. & 
Fukumoto I. (1996) 
Maxillofacial prosthesis 
with blinking-eyelid 
supported by 
osseointegrated 
implants. Program, 
11th Annual Meeting, 
Academy of 
Osseointegration. (86). 
Japan maxillofacial 
prosthesis/ 
method to restore 
defects after 
orbital 
exenteration 
 x case report   A conventional orbital 
epithesis limited with 
requirements for eye 
movement / experimental 
ones developed a 
“Blinking-eyelid orbital 
epithesis” by adding 
blinking movement to a 
conventional epithesis. 
Unnatural facial expressions 
that are not linked with the 
normal side adversely affect 
the patient's social 
rehabilitation/ experimental 
approach to address the 
facial expression/eye 
movement with a static 
orbital prosthesis. 
Hulterström A.K. & 
Ruyter I.E. (1999). 
Changes in 
appearance of silicone 
elastomers for 
maxillofacial 
prostheses as a result 
of aging. International 
Journal of 
Prosthodontics. 12 (6), 
pp. 498-504. 
 
Sweden Maxillofacial 
prosthesis/ colour 
stability  
 x 3 condensation-
type and 5 
addition-type 
silicone 
elastomers tested 
for their changes 
in colour/ aged 
under a xenon 
light source, dry or 
wet, and in 
darkness, also dry 
(control 
specimens) or wet/ 
aging times were 
24, 96, 168, 336, 
504, 840, 1176, 
and 1512 hours/ a 
spectrophotometer 
  The condensation-type 
polymers increased in 
opacity in an aqueous 
environment/ addition-type 
polymers, as a group, 
showed the smallest 
colour changes/ addition-
type polymers generally 
had a higher filler content 
than the condensation 
types, they had a lower 
opacity/the condensation-
type polymers offer better 
possibilities for intrinsic 
colouring of the 
prosthesis. 
Small sample/ interesting to 
understand the influence of 
certain defined variables on 
colour and opacity of 
silicone elastomers for 
maxillofacial prostheses. 
Ishikawa-Nagai S., 
Yoshida A., Sakai M., 
Kristiansen J. & Da 
Silva J.D. (2009) 
Clinical evaluation of 
perceptibility of color 
differences between 
natural teeth and all 
ceramic crowns. 
Journal of Dentistry. 
375, pp. 57-63. 
 
USA Colour  
perceptibility 
/dental 
 x All-ceramic 
crowns- zirconia 
coping (LAVA, 3M 
ESPE) and 
layered porcelain 
(Cerabien CZR)/ 
match/ central 
incisors/assessed 
by observers/ 
scores/spectropho
tometer and 
compared to their 
natural 
counterparts/ 
(ΔE*) 
measurements. 
11 all-ceramic 
crowns / 22 
subjects in 3 
areas/ 3 
observers. 
Descriptive 
statistic/spectr
ophotometry 
data colour 
difference 
values LAB 
calculated. 
Mean DeltaE* value 
between the restorations 
and natural teeth was 1.6. 
Mean DeltaE* between 
contralateral natural teeth 
was 0.9. Incisal areas of 
natural teeth exhibited 
greater differences in color 
than other compared 
areas. 
DeltaE*=1.6 represented 
the color difference that 
could not be detected by 
the human eye. 
Good method for colour 
match assessments in  
clinical 
dentistry/advancement of 
intraoral colour matching 
instruments/ importance of 
the development of colour 
thresholds for colour 
measurements/gold 
standards for the colour 
difference (ΔE) at which all-
ceramic crowns cannot be 
distinguished from natural 
teeth. 
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Johnston W.M., Ma T. 
& Kienle B.H. (1995) 
Translucency 
parameter of colorants 
for maxillofacial 
prostheses. 
International Journal of 
Prosthodontics. 8 (1), 
pp. 79-86. 
 
USA Colour 
measurements 
 x Reflectance 
measurements/ 
spectrophotometry
/ black and white 
backings/ masking 
power of various 
generic, dry 
mineral earth, and 
flocking colorants 
dispersed in 
medical-grade 
silicone elastomer 
was investigated. 
 Analysis of 
variance 
Use of the Kubelka-Munk 
reflectance theory. The 
colour difference between 
a 0.13-cm-thick layer of 
the coloured elastomer 
placed on an ideal black 
backing and this layer on 
an ideal white backing to 
established as a 
translucency parameter/ 
colorants differ 
substantially in their ability 
to mask underlying 
colours. 
Adds to colour 
measurement and natural 
appearance/ differences in 
these colorants. 
 
Johnston W.M. (2009) 
Color measurement in 
dentistry. Journal of 
Dentistry. 37s, e2-e6. 
 
USA Colour 
measurements 
  
 
A review: 
spectrophotometry 
and colorimetric 
measurements in 
color of natural 
and restorative 
craniofacial and 
dental materials. 
  Define instruments 
illuminating and viewing 
geometries/ accuracy and 
repeatability of colour 
measurements/acceptabilit
y and perceptibility colour 
differences/measurement 
systems. 
Defines colour 
measurements/applications 
to clinical practice 
Judeh A. & Al-Wahadni 
A. (2009). A 
comparison between 
conventional visual 
and 
spectrophotometric 
methods for shade 
selection. 
Quintessence Int.. 40 
(9), pp. 69-79. 
Jordan Methods of colour 
measurements in 
dentistry/ visual 
perception/spectro
photometry.  
    x Colour 
judgements/visual 
and Vita shade 
spectrophotometer
. 
9 observers/ 
shade match 
incisors in 9 
dental models 
and then 9 
vivo.  
Binary logistic 
regression/ 
Kappa. 
Spectrophotometry  56 
reading of  81(69.1%) 
correctly matched he 
shade, visual method 25 
(30.9%). 
The advantage of electronic 
devices to eliminate the 
subjectivity of colour 
judgments is examined in a 
clinical dental setting / 
visual perception versus 
spectrophotometry/ Small 
sample. 
Khurana R., Tredwin 
C.J., Weisbloom M. & 
Moles D.R. (2007). A 
clinical evaluation of 
the individual 
repeatability of three 
commercially available 
colour measuring 
devices. British Dental 
Journal. 203 (12), pp. 
675-680. 
 
UK Colour 
measurements in 
dentistry 
 
  x Clinical conditions, 
colour measuring 
devices (Vita 
Easyshade, X-Rite 
ShadeVision and 
Spectroshade 
Micro) recorded 
three shade 
measurements 
maxillary anterior 
teeth/ Vita classic 
shades and CIE 
Lab co-ordinates.  
 
1 operator/3 
colour 
devices/ 20 
participants. 
Kappa 
statistic/ 
Continuous 
(numerical) 
data obtained 
from the study 
were analysed 
using the 
Bland and 
Altman 
approach 
Spectroshade Micro had 
good agreement 0.80 for 
repeatability of Vita 
shades 82.7% proportion 
of complete agreement for 
Vita shades/ agreement 
for Vita shades for the 
Easyshade and X-Rite 
ShadeVisionre 50% and 
59%/Spectroshade Micro, 
0.8 for the repeatability of 
the Vita shades. 
The Spectroshade Micro 
machine provided the most 
repeatable measurements. 
Narrower limits of 
agreement indicate greater 
consistency compared to 
Easyshade and X-Rite 
ShadeVision. 
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Kiat-amnuay S., 
Beerbower M., Powers 
J.M. & Paravina R.D. 
(2009). Influence of 
pigments and 
opacifiers on color 
stability of silicone 
maxillofacial 
elastomer. Journal of 
Dentistry. 37 (1): e45-
50. 
 
USA Colour 
stability/silicone 
materials. 
    x Spectrophotomete
r  measurements/  
energy exposure 
of 450 kJ/m
2
 in an 
artificial aging 
chamber were 
calculated. A ΔE* 
= 3.0 was used as 
50:50% 
acceptability, ΔE* 
= 1.1 was used as 
50:50% 
perceptibility. 
Seventy-five 
groups (n = 5) 
various 
combinations 
four dry earth 
opacifiers 
(Georgia 
kaolin, Gk; 
calcined 
kaolin, Ck; 
Artskin white, 
Aw; titanium 
white dry 
pigment. 
Fisher's PLSD 
intervals at the 
0.05 level of 
significance/ 
three-way 
analysis of 
variance. 
 
Yellow ochre mixed with 
all opacifiers at all 
intervals had increased 
ΔE* values significantly 
from 0.7–2.1 up to 3.8–
10.3./The smallest color 
differences, observed for 
opacifier groups, were 
recorded for Gk at 5%, 
and Td and Aw at 10% 
and 15%. Overall, 15% Td 
exhibited the smallest, 
whereas 5% Ck exhibited 
the most pronounced color 
change after artificial 
aging.  
Add to existing evidence: 
Yellow silicone pigment 
significantly affected color 
stability of all opacifiers 
especially silicone pigment 
white and calcined kaolin. 
 
Klein M., Menneking 
H., Schmitz H., Locke 
H.G. & Bier J. (1999) A 
new generation of 
facial prostheses with 
myoelectrically driven 
upper lid. Lancet. 353, 
pp.1493. 
 
German
y 
facial prostheses/ 
myoelectrically 
driven 
 
 x method implanted 
silicone facial 
prosthesis with an 
artificial upper 
eyelid that/open 
with the upper lid 
of the healthy eye 
/Closure from the 
elastic energy that 
was stored in the 
membrane/ 
DCmicromotor/ 
magnet electrical 
contact to the 
tissue. 
  The first patient to be fitted 
with the new prosthesis/ 
retained with three 
Brånemark implants and 
magnets/ new prosthesis 
30% heavier than the 
conventional 
prosthesis/artificial upper 
eyelid moved 
/synchronisation tested 
with video control in slow 
motion/long-run durability 
test (300 000 blinks).  
Innovative approach/ 
additional movement of the 
artificial eyelid the patient 
presented a much more 
natural appearance.  
 
Koran A.D., Yu R., 
Powers J.M. & Craig 
R. (1979). Colour 
stability of pigmented 
elastomer for 
maxillofacial 
appliances. Journal of 
Dental Research. 58, 
pp. 1450-1454. 
 
USA Reflection 
Spectrophotometr
y of Facial Skin 
 x Skin colour 
measured by 
spectrophotometer 
/ subjects left 
cheek in the area 
of the molar 
prominence 
 
A total of 241 
subjects, 
including 195 
whites, 22 
blacks, and 24 
orientals, 
analysis of 
variance/Schef
fe intervals7 at 
a 95% level of 
confidence. 
The colour of human skin 
of 241 whites, blacks, and 
orientals measured by 
reflection 
Spectrophotometry / major 
differences in luminous 
reflectance and excitation 
purity, but not in dominant 
wavelength, were 
observed/twin absorption 
bands of oxyhemoglobin 
at 540 and 580 nm were 
more prominent in whites 
than in orientals or blacks 
. 
reflectance 
spectrophotometer  
to measure skin colour for 
various groups within a 
specific population /climate, 
geography, and ethnic 
background may give 
slightly 
different results. 
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Kuehni R.G & Marcus 
R.T. (1979) An 
experiment in visual 
scaling of small color 
differences. Color 
Research and 
Application. 4, pp. 83-
91. 
 
USA Colour differences  x visual scaling 
colour differences/ 
6 colours compare 
the visual data / 
results from 
application of 
some colour-
difference / ClE/ 
perceptibility 
and acceptability 
judgments ranking 
subjective 
estimation 
/acceptability 
judgments. 
2 sample sets  
dyeing on 
textiles (grey 
and purple) 37 
observers /4 
samples of 
matte paints 
on cardboard/ 
26 
observers/indu
strial colour 
matchers 
textiles, paint, 
and plastics 
industries. 
Correlations 
were 
calculated 
between 
the visual 
scales and 
four color-
difference 
formulas 
(ClELAB. 
ClELUV. FMC-
2. and FCM). 
 
No fundamental 
differences 
were found between the 
results of the perceptibility 
judgments and the 
acceptability judgments. 
Higher correlations 
than reported for earlier 
comparable experiments 
were obtained between 
visual and calculated 
colour differences. 
two formulas of significantly 
different structure (CIELAB 
and FCM) lead to average 
correlations of comparable 
magnitude; each of them is 
better and substantially 
worse than the other. 
Lemon J.C., Chambers 
M.S., Jacobsen M.L. & 
Powers J.M. (1995). 
Color stability of facial 
prostheses. Journal of 
Prosthetic Dentistry. 74 
(6), pp. 613-618. 
 
USA Colour stability 
facial prosthetics. 
 Experi
mental 
evaluated  by 
reflection 
spectrophotometry
/ sunlight/ an 
irradiance 
level of 0.55 
W/m2/nm at 340 
nm/increments of 
150,300, 
and 450 kJ/m 2 of 
total radiant 
energy. 
3 groups of 12 
(18) samples/ 
pigmented 
elastomers /3 
silicone 
formulations/ 
artificial aging 
and direct 
outdoor 
weathering. 
ANOVA 
significant 
differences 
between 
condition of 
exposure and 
UV absorber 
concentration 
(p < 0.05). 
Tukey-Kramer 
0.05 
significance 
The effect of a UV light 
absorber on the colour 
stability of 
a facial elastomer/samples 
were weathered artificially 
and outdoors at exposure. 
Changes occurred in the 
colour of the samples, with 
artificial aging causing a 
greater change. 
Small sample size 12 (18) / 
useful to understand t 
sample processes/ artificial 
and outdoor weathering 
assess the colour stability of 
a pigmented silicone 
elastomer with and without 
a UV light absorber/ 
samples were made 2.4 mm 
thick / uses  CIELAB system 
uses (L*, a*, b*) 
parameters. 
Leow M.E., Ow R.K., 
Lee M.H., Huak C.Y. & 
Pho R.W. (2006) 
Assessment of colour 
differences in silicone 
hand and digit 
prostheses: perceptible 
and acceptable 
thresholds for fair and 
dark skin shades. 
Prosthetics and 
Orthotics International. 
30 (1), pp. 5-16. 
 
Singapo
re 
Assessment of 
colour differences 
in silicone hand 
and digit 
Prostheses/ 
 x Likert type 
questionnaire -
modify/ The colour 
difference of each 
prosthesis in the 
two series 
evaluated visually 
against the 
baseline by the 
assessors, using 
defined scores 
CIE (L*a*b*) 
2 sets of 10 
fair and dark 
shade digit 
prosthesis 
samples/fwith 
a stepped 
increase in 
colour 
difference 
(DE) against 
the baseline 
hand 
prosthesis/ 90 
colour 
assessors/nor
mal colour 
vision/scores. 
 
Descriptive 
statistics 
McNemar test 
/scoring 
system (1-3). 
threshold of 
‘‘acceptable 
colour 
difference’’, ‘2’’ 
(acceptable) 
and ‘‘3’’ (same 
colour) were 
combined/ 
Chi-
square/Fisher’
s exact test. 
Thresholds for perceptible/ 
acceptable colour 
difference  DE=0.8 and 
DE=1.8 for the fair 
series/DE=1.3 and DE=2.6 
dark series. The 
acceptable threshold 
values differed from the 
perceptible threshold 
values by DE=1.0 for the 
fair-shade samples and 
DE=1.3 for the dark-
shade/ colorimetric / both 
fair and dark-shade 
silicone samples 
(p<0.001)/ human less 
sensitive to differences in 
darker-shade than fairer-
shade samples (p<0.001). 
Addresses colour/ 
acceptance of a newly 
fabricated silicone 
prosthesis in relation to its 
colour match to the natural 
skin/achieved by derivation 
of specific 
colour difference thresholds 
defining perceptible and 
acceptable levels of colour 
sensitivity/ This finding 
seems relevant in a clinical 
setting involving a multi-
ethnic patient population. 
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Lindsey D.T. & Wee 
A.G. (2007) 
Perceptibility and 
acceptability of 
CIELAB color 
differences in 
computer-simulated 
teeth. Journal of 
Dentistry. 35, pp. 593-
599. 
 
USA Colour/dentistry  x 12 dental 
professionals/Res
ponses to tooth 
color differences 
/three principal 
axes of CIELAB 
color space (L*, 
a*, and b*). As a 
control, responses 
to ΔE = 0 (the 
false alarm rate) 
were also 
measured in the 
same 
experimental 
session. 
 Descriptive Computer-generated pairs 
of teeth with simulated 
gingival displayed on a 
calibrated color monitor 
using appropriate signal 
detection theory 
methodology (SDT). 
All gave 50% match or 
acceptance points that 
averaged about 1.0 ΔE 
units in the L* and a* 
directions, and 2.6 units in 
the b* direction. False 
alarm rates across all 
subjects averaged 27% 
(4–55%) and 28% (0.4–
61%), respectively, for 
perceptibility and 
acceptability.  
Color difference thresholds 
for our simulated teeth are 
generally in line with and 
extend results obtained with 
studies using “real” dental 
materials/no differences 
between thresholds for 
acceptability versus 
perceptibility were found. 
 
Ma T., Hicken S.C., 
Buchanan C.R. & 
DeBoie R.G. (1988) 
Chairside colour 
verification for facial 
prostheses. The 
Journal of Prosthetics 
Dentistry. 60 (2), pp. 
219-221. 
 
USA Colour formulation 
/shade matching 
facial prosthetics 
 x Method/technique One silicone 
specimen / 2 
different 
surface 
texture/1 
smooth and 1 
with 3 different 
stippling 
textures/ 
 The colouring technique 
may be used for facial 
prosthetic/ different 
surface textures and 
varying thicknesses 
built into the technique, it 
is a reliable method for 
colour verification of facial 
prosthesis before final 
processing. 
An attempt to define colour 
match facial 
prosthesis/highlighting the 
importance of various 
thickness/limited to a 
technique description/no 
scientifically evaluated. 
Mancuso D.N., Goiato 
M.C. & Dekon S.F.C. 
(2009) Visual 
evaluation of color 
stability after 
accelerated aging of 
pigmented and non-
pigmented silicones to 
be used in facial 
prostheses. Indian 
Journal of Dental 
Research. 20 (1), pp. 
77-80. 
 
Brasil Colour stability 
elastomers 
/visual evaluation 
 x The values were 
annotated in a 
spreadsheet by 
two observers, 
according to 
scores elaborated 
for this study. 
 
2 kinds of 
silicones/1 for 
facial 
prostheses, 1 
industrial use. 
24 trial bodies 
were made for 
each silicone/ 
accelerated 
aging /using a 
visual method 
of comparison. 
Descriptive Visual comparison /All 
groups presented colour 
stability in the visual 
method/ both silicones, 
Silastic 732 RTV and 
Silastic MDX 4-4210, 
behaved similarly/ of use 
in maxillofacial prosthesis/ 
time factor of aging 
influenced negatively, 
independently of the 
pigmentation, or silicones 
and no group had visually 
noticeable alterations in 
any of the accelerated 
aging time, independently 
of pigments addition. 
Small sample 
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Melamud A., Hagstrom 
S. & Traboulsi E. 
(2004). Color vision 
testing. Ophthalmic 
Genetics. 25 (3), pp. 
159-187. 
USA Science of colour 
vision/testing 
  A review of the 
current knowledge 
in the field of 
colour vision 
testing. 
 
  Test use in clinical 
practice include 
isochromatic plates, 
arrangement tests, 
anomaloscopes, and 
lantern tests/Each 
category has unique 
attributes suitable for a 
particular clinical 
situation/Factors such as 
the quality of the illuminant 
and the size of the field of 
view are important 
elements in setting up a 
proper colour vision 
laboratory. 
Adds to knowledge for the 
clinician to be aware of the 
requirements for 
administering and grading 
each test type. 
Melgosa M., Quesada 
J.J. & Hita E. (1994) 
Uniformity of some 
recent color metrics 
tested with an accurate 
color-difference 
tolerance dataset. 
Applied Optics. 33 
(34): 8069–8077. 
doi:10.1364/AO.33.008
069. 
 
Spain Colour difference 
formulas 
  Review:The CMC, 
BFD, and CIE94 
color-difference 
formulas 
have been 
compared 
throughout their 
weighting 
functions to the 
CIELAB/datasets 
from old and 
recent literature. 
  Predicting the magnitude 
of perceived colour 
differences, CIELAB 
should be recognized for 
these 
three formulas, in 
particular for CIE94 
 
Mete J.J., Dange S.P., 
Khalikar A.N. & Vaidya 
S.P. (2013). 
Comparative study of 
shade matching 
performance of dental 
students under natural 
daylight and daylight 
lamp conditions. 
European Journal of 
Esthetic Dentistry. 8 
(2), pp. 192-199. 
 
 Shade matching 
and light source 
variables 
 x Visual judgements 
responses/ the 
first set under 
daylight and 
daylight lamp 
conditions. 
2 sets of 
porcelain 
discs/ one set 
8 discs  of 
shades A2, 
A3, A3.5, B2, 
B3, C2, C3, 
and D3 of the 
Vitapan 
Classical 
Shade Guide 
system.  
Second set 3 
of shade A2, 
B2, and C2/ 
L*a*b* values 
/40 dental 
students  
Descriptive 
statistics/avera
ge ΔE 
between the 
presented and 
selected 
shade was 
calculated 
/significance 
testes using a 
paired t test. 
 
The average ΔE between 
presented and selected 
shade for individual 
participants under natural 
daylight ranged from 0 to 
4.84, with a mean of 2.24, 
while those under daylight 
lamp conditions ranged 
from 0 to 3.68, with a 
mean of 1.14. The 
difference was statistically 
significant, with P < 
0.0001. 
Useful-compare shade 
matching performance of 
dental students under two 
lighting conditions, ie, 
natural daylight and a 
commercially available 
daylight lamp 
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Okubo S.R., Kanawati 
A., Richards M.W. & 
Childress S. (1998) 
Evaluation of visual 
and instrument shade 
matching. The Journal 
of Prosthetics 
Dentistry. 80 (6), pp. 
642-648. 
 
USA Visual 
evaluation/shade 
matching/ 
Ceramic dental 
shade guides 
   x evaluated and 
compared the 
ability of a new 
computerized 
colorimeter and a 
simple 
visual test to 
match ceramic 
shade guide teeth. 
31 observers / 
normal colour 
vision/ match 
one set of Vita 
Lumin shade 
guide teeth to 
corresponding 
shade guide 
teeth of a 
second 
Vita Lumin 
shade guide. 
same test 
admistered to 
14 of the 
observers 
/colorimeter 
(Colortron II 
readings from 
one shade 
guide were 
matched with 
readings of 
the other 
shade 
guide /CIELAB 
/DE values. 
Descriptive/Th
e mean 
number of 
correct 
matches by 
the colorimeter 
and of correct 
matches in 
visual test 
compared/1-
tailed t test/ 
Repeatability 
determined 
with a paired t 
test. 
The Colortron II instrument 
correctly matched 8 of the 
16 tabs (50% correct), 
whereas visual 
matching by examiners 
averaged 7.7 of 16 correct 
matches (48% correct) 
(standard deviation 2.7). 
No statistically significant 
differences existed 
between the 2 
methods/colorimeter 
demonstrated 100% 
repeatability / visual test 
demonstrated fair 
repeatability (correlation 
coefficient r = .60). 
 
Shade determination by 
visual means was 
inconsistent/ Accuracy of a 
new colorimeter in 
matching porcelain shade 
guide teeth was only slightly 
better.  
Over L.M., Andres 
C.J., Moore B.K., 
Goodacre C.J. &  
Muñoz C.A. (1998) 
Using a colorimeter to 
develop an intrinsic 
silicone shade guide 
for facial prostheses. 
Journal of 
Prosthodontics. 7 (4), 
pp. 237-249. 
 
USA colour 
measurements of 
white facial skin  
 Experi
mental 
A Minolta 
colorimeter /facial 
skin 
measurements/  
/colorimeter/L*a*b* 
readings from 
patient's skin 
measurementsSili
cone samples/for 
three of the 
patients/silicone 
colour formula 
were visually / 
colorimetrically 
equivalent to each 
other.  
 
15 white/skin 
colour 
duplicated 
silicone 
samples. A 7-
step wedge 
silicone shade 
guide 
fabricated, 
The colour 
difference 
Delta E 
calculated, 
coefficient-&-
variation  
formula/Pears
on Correlation 
Coefficient . 
highest correlation was 
found in the b* dimension 
for silicone thicknesses of 
1 to 4 mm/ silicone 
thicknesses of 6 to 10 mm, 
the highest correlation was 
found in the L* dimension/ 
All three dimensions had 
positive correlations (p > 
01, but only the I-mm and 
4-mm b* readings were 
strong. Patient and 
silicone L*a*b*  showed 
very little change in 
All duplicated samples 
matched their original 
silicone samples/ visual 
evaluation could not 
distinguish. 
There was good correlation 
between the patient's 
colorimeter measurements 
and silicone samples, with 
the b* colour dimension the 
most reproducible, followed 
by the L* and the*. Silicone 
samples at 6, 8, and 10 mm 
matched the patient the 
best, and this study showed 
that silicone samples can be 
duplicated successfully if a 
good patient-silicone match 
is obtained.  
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Paravina R.D., Majkic 
G., Del Mar Perez M. & 
Kiat-amnuay S. (2009) 
Color difference 
thresholds of 
maxillofacial skin 
replications. Journal of 
Prosthodontics. 18 (7), 
pp. 618-625. 
 
USA perceptibility and 
acceptability 
thresholds for 
colour differences 
in light and dark 
skin-coloured 
maxillofacial 
elastomers. 
 Experi
mental 
Questionnaires 
visual judgments 
 
15 pairs of 
light 
specimens 
(mimicking 
white, Asian, 
and Hispanic 
skin)/ 15 pairs 
of dark 
specimens 
(mimicking 
African-
American 
skin) /silicone 
elastomers. 
Colour 
match/mismat
ch 
/acceptable/ 
unacceptable 
mismatch/45 
evaluators. 
CIELAB/ 
CIEDE2000 
formulae/ROC 
curves/ 
ANOVA and 
Tukey’s HSD/ 
statistical 
analysis (α = 
0.05)/ four-
parameter 
logistic 
regression 
/perceptibility 
and 
acceptability 
scores for 
each observer 
/experimental 
condition/proc
essed by a 
code/Matlab 7. 
CIELAB/CIEDE2000 
perceptibility and 
acceptability thresholds for 
light specimens were 
1.1/0.7 and 3.0/2.1/ for 
dark specimens 
were 1.6/1.2 and 4.4/3.1, 
respectively. Differences 
in primary specimen 
colour 
and type of threshold were 
found to be significant (p < 
0.001). Only the primary 
specimen colour effect 
was found to be significant 
in AUC comparisons. 
Small sample size/ useful 
methodology for main 
effects of threshold type 
(perceptibility and 
acceptability).  
 
Parel S.M. (1980) 
Diminishing 
dependence on 
adhesives for retention 
of facial prostheses. 
Journal Prosthetics 
Dentistry. 43, pp. 552-
560. 
USA  Adhesives for 
retaining facial 
prostheses  
 Experi
mental 
Methods/case 
approach 
  Beneficial for many 
patients, particularly when 
a significant number of 
prostheses have  
failed because of 
insufficient retention.  
A helpful approach in over-
coming retention in 
prostheses but not 
scientifically proven. 
Paul S., Peter A., 
Pietrobon N. & 
Hämmerle CHF. 
(2002). Visual and 
Spectrophotometric 
Shade analysis of 
human teeth. Journal 
of Dental Research. 81 
(8), pp. 578-582. 
 
Switzerl
and 
Colour perception/ 
dentistry 
 x Tested the 
hypothesis that 
spectrophotometri
c assessment of 
tooth color is 
comparable with 
human visual 
determination/spe
ctrophotometer. 
30 patients,3 
Operators/ 
unrestored 
maxillary 
central 
incisors, using 
a Vita 
Classical 
Shade Guide. 
The same 
teeth were 
measured by 
means of a 
reflectance 
spectrophoto
meter. 
Descriptive Human group, all 3 visual 
shade selections matched 
in only 26.6%. In the 
spectrophotometric group, 
all 3 shade selections 
matched in 83.3%. In 
93.3%, ▵E values of 
visually assessed tooth 
shades were higher than 
spectrophotometrically 
assessed ▵E values (p < 
0.0001)/spectrophotometri
c shade analysis is more 
accurate and more 
reproducible compared 
with human shade 
assessment. 
Small sample size/group but 
useful methodology. 
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Paul S.J., Peter A., 
Rodoni L. & Pietrobon 
N. (2004). 
Conventional visual vs 
spectrophotometric 
shade taking for 
porcelain-fused-to-
metal crowns: a clinical 
comparison. 
International Journal of 
Periodontics and 
Restorative Dentistry. 
24 (3), pp. 222-231. 
 
Greece Colour perception/ 
dentistry 
 x tested the shade 
match of single 
porcelain-fused-to-
metal restorations 
with the adjacent 
dentition when the 
restorations were 
fabricated 
according to data 
from conventional 
visual shade / 
spectrophotometry 
system. 
3 clinician/ to 
a maxillary 
right or left 
incisor 
needing a 
restoration in 
10 patients./ 
10 incisors 
were then 
measured 
using a 
reflectance 
spectrophoto
meter/CIE 
L*a*b* 
 
Descriptive In 6 cases only 2 
evaluators matched,  the 
remaining two cases all 
three visual selections 
differed/ in 9 of 10 cases 
all 3 spectrophotometric 
shade selections 
matched/in nine of 10 
cases delta E values of 
visually assessed tooth 
shades were higher than 
spectrophotometrically/ 
delta E values for 
conventional crowns 
compared to 
spectrophotometric were 
higher/ in nine of 10 cases 
spectrophotometric 
crowns were preferred 
over conventional crowns  
Small sample size / group 
but useful methodology. 
Polyzois G.L. (1999) 
Color stability of facial 
silicone prosthetic 
polymers after outdoor 
weathering. Journal of 
Prosthetic Dentistry. 82 
(4), pp. 447-450. 
 
Greece Colour stability 
silicone 
prosthetics 
 x A tristimulus 
colorimeter was 
used to evaluate 
the color 
differences (ΔE*) 
of the silicone 
elastomers every 
2 months. Ten 
disk-shaped 
specimens for 
each material 
were tested. 
3 non-
pigmented 
silicone 
elastomers 
(Silskin 2000, 
Elastosil 
M3500, Ideal) 
exposed to 
outdoor 
weathering for 
1 year. 
ANOVA and 
Student-
Newman- 
Keuls test at a 
significance 
level of α=.05. 
All silicone elastomers 
showed visually 
detectable, mean color 
differences (ΔE* > 
2.0),ranged from 2.13 to 
3.98. Silskin 2000 showed 
greater color differences 
(P <.05) compared with 
Elastosil M3500 and Ideal,  
(P >.05)/ Outdoor 
exposure of silicone facial 
elastomers for 1 year 
resulted in visually 
detectable color 
differences 
Small sample size but 
adequate method. 
 
Polyzois G.L.,Tarantili 
P.A., Frangou M.J. & 
Andreopoulos A.G. 
(2000). Physical 
properties of a silicone 
prosthetic elastomer 
stored in simulated 
skin secretions. 
Journal of Prosthetic 
Dentistry. 83 (5), pp. 
572-577. 
Greece Physical 
properties of 
tensile strength 
and modulus, 
elongation, tear 
strength, 
hardness, weight, 
and color change, 
of a silicone facial 
elastomer 
 x Episill silicone 
immersed in 
alkaline/acidic 
perspiration, 
sebum. Tensile 
and tear tests ISO 
specifications no. 
37 and 39/ color 
changes CIE LAB 
system colorimeter 
Silicone 
immersion for 
6 months in 
simulated 
sebum and 
perspiration at 
37°C 
 Silicone aged for a period, 
which simulates 1.5 years 
of clinical service, showed 
minimal changes with 
respect to the properties 
studied/colour changes 
(∆E>2). 
Small sample size but 
adequate method to assess 
colour changes/time. 
 
251 
 
Ragain J.C. & 
Johnston W.M. (2000) 
Color acceptance of 
direct dental 
restorative materials by 
human observers. 
Color Research and 
Application. 25, pp. 
278-385. 
USA evaluate the 
CIELAB, CMC 
(2:1), and CMC 
(1:1) formulas 
/indicator for 
acceptability 
colour differences 
dental restorative 
materials. 
 
 Experi
mental 
Colour 
differences 
between the 
standard 
discs/restorative 
calculated in 
CIELAB, CMC 
(1:1), and CMC 
(2:1)/ as to 
acceptability of 
colour  differences 
between the disc 
pairs. 
human 
observers four 
groups of 12 
subjects/ 
vision tested 
/6 sets of 
discs dental 
composite 
resin/represen
ting tooth 
colour for a 
total of 36 
pairings in the 
test. 
 
Analysed/logis
tic regression 
/DE formula to 
generate 
receiver 
operating 
characteristics 
(ROC) curves.  
Ranke/ 
ANOVA and 
Tukey’s test. 
 
Acceptance of dental 
restorations based on 
colour difference, the CMC 
(1:1) colour difference 
formula gave better 
correlation than the 
CIELAB formula/colour 
differences in the aesthetic 
dental restorative 
materials/significant 
differences found between 
the experiment 
Groups- acceptability of 
colour differences using 
the CMC (1:1) and 
CIELAB formulas/ dental 
hygienist/auxiliaries group 
proved to be more 
discriminating - tooth and 
composite res-in colour 
than patients. The mean 
50:50 DE replacement 
points for all subjects were 
2.29 and 2.72 colour units 
for the CMC (1:1) and 
CIELAB formulas. 
Useful study design/ 
different groups of 
observers have different 
levels of acceptability, and 
to estimate the colour 
difference that would 
indicate acceptability 
between a restoration and 
an adjacent tooth. 
Rudd M.E. (2013). 
Edge integration in 
achromatic color 
perception and the 
lightness–darkness 
asymmetry. Journal of 
Vision. 13 (14), pp. 1-
30. 
 
USA Colour perception 
/edge integration 
theory.  
 Experi
mental 
Quantitative 
lightness 
judgments/ 
classical disk-
annulus, Gilchrist 
dome, and Gelb 
display/ conducted 
in a dimly lit 
room/walls matte 
black material. 
Stimuli were 
presented on a 22-
inch LCD flat 
panel monitor / 
under the control 
experimental 
program written in 
the MATLAB. 
 
3 hypotheses/ 
how weights 
are applied to 
edges/ larger 
weights are 
given to edges  
whose dark 
sides point 
towards the 
target/edge 
integration is 
carried out 
along a path 
leading from a 
common 
background 
field/  
 New experiment in which 
the luminance of a remote 
background field was 
manipulated to influence 
the lightness of a target 
square. Reversing the 
contrast/ This polarity-
specific remote edge-
based induction effect 
cannot be explained by 
any theory of lightness 
computation in which 
lightness depends on a 
direct, long-range, visual 
comparison of the target’s 
luminance with the 
luminance of the non-
contiguous field.  
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Russell M.D., Gulfraz 
M. & Moss B.W. 
(2000). In vivo 
measurement of colour 
changes in natural 
teeth. Journal of Oral 
Rehabilitation. 27 (9), 
pp. 786-792. 
 
North 
Ireland 
Measurement/colo
ur changes in vivo 
teeth. 
 Experi
mental 
To quantify 
changes/ following 
rubber dam and 
time that tooth 
return to normal 
colour/ 
spectrophotometry 
/ L*, a* and b* 
values 
 
7 subjects 
before and 
after 
application of 
rubber damp/ 
7 before and 
after taking a 
polyvinylsiloxa
ne dental 
impression. 
paired t-test / 
L* a* b* /CIE 
(1971, 1978). 
Rubber dam application: 
L* values  higher, after 
removal of the rubber dam 
(P<0·01) and at 10 min 
(P<0·01)/ a* values 
(P<0·01 and P<0·05/The 
effect of  impression 
taking: L* values were 
significantly higher 
(P<0·01) by 5 units 
immediately after/ L* 
values declined, by 0·6 
units, than baseline 
values/ a* and b* values 
were not significantly 
affected / E* values 
increased immediately 
after impression taking 
and subsequently declined 
following the pattern for L* 
values by about 0·2 a* 
units. The b* values were 
not significantly different 
(P=0·06). The b* values 
were significantly (P<0·05) 
lower than baseline 10 min 
after rubber dam removal. 
A good observation that 
teeth colour change before 
and after taking a 
polyvinylsiloxane 
impression /use of 
spectrophotometry and Lab 
values 
Ruyter I.E., Niler K. & 
Moller B. (1987) Color 
stability of dental 
composite resin 
materials for crowns 
and bridge veneers. 
Dental Materials. 3, pp. 
246-252. 
 
 
Scandin
avia 
Colour 
stability/dentistry. 
 Experi
mental 
Colour stability/ 
characteristics of 
all samples were 
measured and 
compared by a 
computer/spectrop
hotometer. 
3 light-
polymerized 
veneer/ 3 
conventional 
polymerized 
Veneer/3 
sample discs 
of each in 
distilled water 
at 37/exposed 
to a xenon-
light source/3 
specimens 
were kept in 
darkness and 
exposed to 
distilled water 
at 37. 
 
Descriptive 
statistics/ Lab 
values. 
L*, a* and b* uniform 
colour 
space (CIELAB) and the 
total colour difference was 
calculated. The 
accelerated 
test had the ability to 
discriminate between the 
various products. The time 
studied (2 months) would 
probably correspond to 
several years of clinical 
use. 
Limited to 3 samples/ 
dentistry. 
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Schaaf. N.G. (1970) 78 
Color characterizing 
silicone rubber facial 
prostheses. Journal of 
Prosthetic Dentistry. 24 
(2), pp. 198-202. 
 
USA A case report/ 
tattooing 
technique/facial 
prosthesis. 
 x  1 case report  A tattooing method for 
colour-characterising 
silicone rubber facial 
prostheses/involves 
painting a colouring 
material on the surface of 
the skin, then penetrating 
the paint with a needle to 
a depth of 1 to 2 mm., thus 
carrying some of the 
pigments below the 
surface/ This procedure 
lends itself readily to 
silicone rubber when 
appropriate collars and 
tattooing equipment are 
used. 
Old method/ base colour is 
achieved according to the 
method outlined by Firtell 
and Bartlett,3 wherein 
silicone stock colours are 
added to the silicone. 
Seelaus R. & 
Troppmman R.J. 
(2000) Facial 
prosthesis fabrication: 
coloration techniques. 
In: Taylor T, ed.: 
Clinical Maxillofacial 
Prosthetics. Chicago: 
Quintessence. pp. 245-
264. 
USA Colouration 
technique/ 
facial prosthetics.  
 x Review A case 
report/method 
 Describe a technique of 
colour formulation and 
approach to explore digital 
technology. 
Method for colour 
formulation/ a systematic 
approach. 
Seelaus R., Coward 
T.J. & Li S. (2011) 
Coloration of silicone 
prostheses: 
Technology versus 
clinical perception. Is 
there a difference? 
Part 2, Clinical 
evaluation of a pilot 
study. Journal of 
Prosthodontics. 20 (1), 
pp. 67-73. 
 
USA Silicone/facial 
prosthetics/ 
Computer 
measurement of 
colour difference 
∆E  
 Experi
mental 
Visual judgments 
/silicone samples/ 
iterative correction 
procedure; a Delta 
E values recorded 
for each 
sample/assess 
colour difference 
between silicone 
sample –skin/ 
rated on 5-point 
scale/spectrophoto
metric 
measurements/ 
Miniscan XE/ CIE 
Lab 1976 / 
Ishihara Colour 
Blindness test. 
 
19 African 
Canadian 
subjects/4 
silicone 
samples/5 
assessors/ 
Delta E values 
recorded for 
each sample 
to represent 
the colour 
difference 
between the 
silicone 
sample and 
the skin. 
A multivariate 
analysis / (∆E) 
L*a*b*. 
Explore the relationship 
between an objective 
computer measurement of 
colour difference 
∆E/reported a positive 
correlation between 
judges’ scores and low 
Delta E (∆E), values for 
the first two samples/ All 
judges rated the first 
sample a poorer colour 
match than the four 
sample (p<0.015)/ 
reporting no conclusive 
results.  
study was limited to 19 
African Canadian subjects 
and only five colour 
assessment judges/ 
study was not designed to 
identify a clinical tolerance 
for ∆E; however it 
highlighted the need to 
understand the clinical 
tolerance for ∆E based on 
spectrophotometric data 
and computerised colour 
formulation/methodology 
supports a good approach 
for colour computerised 
formulation/ method 
approach.  
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Seghi R.R., Hewlett 
E.R. & Kim J. (1989) 
Visual and instrument 
colorimetric 
assessments of small 
color differences on 
translucent dental 
porcelain. Journal of 
Dental Research. 68, 
pp. 1760-1764. 
 
USA Colour 
perceptibility 
/dentistry 
 x The CIELAB 
colorimetric 
system was used 
for the study of the 
relationship 
between 
measured colour 
difference values 
and human 
observer 
responses 
group of 
dental 
professionals 
(n=23) 
dentists, (n=4) 
dental 
technician; 
translucent 
colour 
porcelain 
discs.. 
 Colour difference in 
porcelains discs of about 2 
∆E CIELAB units or 
greater would be detected 
100% of the time and 
would decline with ∆E. 
The ∆E CIELAB for 80% 
probability of observers 
colour difference was 0.5 - 
1.0 (∆E), while ∆E for 50% 
probability was near zero 
. 
Sweeney A.B., Fischer 
T.E., Castleberry D.J. 
& Cowperthwaite G.F. 
(1972). Evaluation of 
improved maxillofacial 
prosthetic materials. 
Journal of Prosthetic 
Dentistry. 27, pp. 297-
305. 
 
USA report the results 
of research and 
testing of some 
new formulations 
of maxillofacial 
materials 
 
 x Physical 
properties/Tensile 
-(ASTM), using 
0.25 inch width 
and gauge length 
of one inch/sheets 
of material of 
various 
thicknesses from 
10 to 100 mils./ 
The elongation/ 
Hardness-
Durometer -Shore 
A scale-/Modulus 
of elasticity- stress 
strain curves/ 
stiffness -Tinius-
Olsen torsion 
stiffness /shear 
modulus ofrigidity 
(G), 
Specimen/ 
Vinyl plastisol 
type/ a 
specimen 0.25 
inch wide and 
thicknesses 
010 to 0.10 
inch and a 2 
inch. 
 
descriptive Vinyl plastisol is a fluid 
dispersion of polyvinyl 
chloride (PVC) resin of 
high molecular weight in a 
liquid plasticizer/ PVC is 
soluble in the plasticizer at 
elevated temperatures/ 
when heated, it gels and 
fusion takes place. 
/viscosity of the mix is 
lowered by the 
temperature increase and 
raised by the swelling and 
gelation of the PVC 
particles/development of a 
material that contains 
usable working properties 
for a maxillofacial material/ 
 
 
 
The methods for evaluation 
of maxillofacial prosthetic 
materials have been 
described.  
Tjellström A. (1990) 
Osseointegrated 
implants for 
replacement of absent 
or defective ears. 
Clinical Plastic 
Surgery. 17, pp. 355-
366. 
 
 
 
 
 
Sweden Tissue-integrated 
skin-penetrating 
implants placed in 
the mastoid 
process for ear 
prostheses. 
 x Review of patients 
case notes/ 
surgery is 
performed in two 
stages with a 3- to 
4-month interval 
between the first 
and second stage 
in order to 
establish 
osseointegration 
94 patients for 
the retention 
of silicone 
auricular 
prostheses/ 
2458 
observations 
made over a 
10-years/only 
3.5 per cent of 
these called 
for active 
treatment. 
 
Descriptive 
statistics 
 
 
 
 
 
During the first stage, 
implants made out of 
commercially pure titanium 
are placed in the bone.  
The implants are handled 
with titanium-coated 
instruments only and 
never by the gloved hand 
directly /Three to four 
weeks after the second 
stage, the healing has 
normally reached the point 
at which the prosthesis 
can be made.  
Small study but adds to the 
existing evidence base 
practice/reviews are 
necessary to establish 
scientific evidence. 
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Troppmann R.J., 
Wolfaardt J.F., Grace 
M. & James A.S. 
(1996) 
Spectrophotometry 
and formulation for 
coloring facial 
prosthetic silicone 
elastomer: A pilot 
clinical trial. American 
Journal of Facial and 
Somato Prosthetics. 2, 
pp. 85-92. 
Canada Colour 
formulation/ 
Facial 
prosthetics/spectro
photometry. 
 x colour formulation 
software, calculate 
a recipe to create 
silicone that 
matches 
skin/predict 
colorants/ Hunter 
CIE Lab. 
5 patients 
scans. 3 
iterative 
mixes/1 type 
of silicone/4 
pigment 
combination. 
Descriptive The average colour 
difference decrease ∆E 
CIELAB 11.4 to 7.3 to 2.0, 
for each mix. 
Small sample but useful 
method to develop pigment 
databases and establish a 
precise and repeatable 
colour matching system that 
predicts colorants and 
controls metamerism. 
Van Oort R.P., 
Reintsema H., Dijk G., 
Raghoebar G.M. & 
Roodenburg J.L.N. 
(1994) Indications for 
extra-oral 
implantology. Journal 
of Investigative 
Surgery. 7, pp. 275-
281. 
 
 
Netherla
nds 
 
Surgical approach/ 
facial prosthetics.  
  Case reports   Information from both the 
literature and authors 
surgical experience 
emphasises specific 
locations of bone 
structures suitable for 
implant fixtures/ 
indications for surgery / 
patients exposed to 
radiotherapy/ success of 
maxillofacial rehabilitation 
multidisciplinary team. 
Adds to existing evidence 
base-clinical practice. 
Watts A. & Addy M. 
(2001). Tooth 
discolouration and 
staining: a review of 
the literature. British 
Dental Journal. 190 
(6), pp. 309-316. 
 
UK mechanisms of 
tooth staining  
 literatu
re 
review 
Literature review/4 
decades 
  A knowledge of the 
aetiology of tooth staining 
is of importance to dental 
surgeons/enable a correct 
diagnosis to be made 
when examining a 
discoloured dentition/ 
effect on the outcome of 
treatment and influence 
the treatment options to 
offer to patients. 
discussion/understanding 
of the mechanisms behind 
tooth discolouration/ clinical 
evidence/opinion or for 
treatment. 
 
Wolfaardt J., Gehl G., 
Farmand M. & Wilkes 
G. (2003b) Indications 
and methods of care 
for aspects of extraoral 
osseointegration. 
International Journal of 
Oral and Maxillofacial. 
Surgery. 32, pp. 124-
131. 
Canada 
 
A review of the 
literature /extraoral 
osseointegration 
related to facial 
prosthetics. 
  x  Descriptions 
/series of case 
reports/ treatment 
planning/ clinical 
papers. 
 opinions of 
respected 
authorities, 
based on 
clinical 
evidence, 
descriptive 
 
Considers indications and 
methods of care for 
aspects of extra oral 
osseo-integration/facial 
prosthetics/ clinician 
groups/ treatment effect 
with regard to aspects of 
facial prosthetic care with 
extraoral osseointegrated.  
The clinical literature 
reviewed was graded for 
hierarchy of strength of 
evidence according to the 
Bandolier system. Almost all 
literature reviewed was of 
the lowest level of strength 
of evidence /cautious in 
applying the evidence. 
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Xingxue H. & Johnston 
W.M. (2011) 
Translucency 
estimation for thick 
pigmented 
maxillofacial 
elastomer. Journal of 
Dentistry 39s, pp.e2-
28. 
 
USA Translucency for 
pigmented 
maxillofacial 
elastomers. 
 Experi
mental 
Translucency 
parameter (TP) 
values at a 
thickness of 1.5 
mm on black and 
white backings for 
each shade based 
on the CIELAB 
and CIE2000 
colour difference 
formulas 
calculated/laser 
light-diffusing 
method to 
quantitatively 
approximate 
translucency 
(LLDA)/ a method 
of colour 
difference due to 
edge loss (CDEL)/ 
A non-contact 
458/08 measuring 
system (PR705 
spectroradiometer, 
colorimeter were 
used to obtain the 
three colorimetric 
coordinates of the 
nineteen thick 
specimens for the 
colour difference 
caused by edge-
loss. 
specimens of 
19 different 
shades of 
skin-coloured 
maxillofacial 
elastomer 
(MFE)/ four  
pigments (tan, 
red, yellow, 
black). 
 linear 
regression 
analysis / F-
test of the 
error 
variances at 
the 
significance 
level of 
0.05./no 
significant 
differences 
were found in 
the error 
variances 
regressions. 
Both the LLDA and CDEL 
methods provided 
reasonably accurate 
(adjusted 
R2 _ 0.919) estimations of 
TP, and no significant 
differences were found in 
the error 
variances of the 
regressions/ laser light 
diffusing method appears 
to be highly reliable for the 
estimation of translucency 
of maxillofacial elastomer, 
and the relationship of 
translucency to LLDA 
may be used to estimate 
the apparent translucency 
of any thick translucent 
material. 
 
laser light diffusing method 
appears to be highly 
applicable to 
the estimation of 
translucency of maxillofacial 
elastomer/may /applied to 
quantitatively estimate the 
translucency of human skin 
and prosthetic elastomers. 
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Appendix 2 Participant information sheets 
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Appendix 3 Volunteer subjects consent forms 
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Appendix 4 Participants colour assessment time schedules 
 
PANEL COLOUR ASSESSOR SCHEDULES 
 
SUBJECT 1 COLOUR ASSESSMENT 
PANEL COLOUR ASSESSORS 
   
Group A 
Code Date 
1007 24/07/2013 
1006 24/07/2013 
1015 24/07/2013 
1008 24/07/2013 
1019 24/07/2013 
1020 24/07/2013 
Group B 
Code Date 
1014 31/07/2013 
1005 31/07/2013 
1010 31/07/2013 
1009 31/07/2013 
1016 31/07/2013 
1018 31/07/2013 
Table 2 
SUBJECT 8 COLOUR ASSESSMENT 
PANEL COLOUR ASSESSORS 
   
Group A 
Code Date 
1007 07/08/2013 
1015 07/08/2013 
1016 07/08/2013 
1019 07/08/2013 
1020 07/08/2013 
1021 07/08/2013 
Group B 
Code Date 
1008 13/08/2013 
1010 13/08/2013 
1009 13/08/2013 
1005 13/08/2013 
1006 13/08/2013 
1020 13/08/2013 
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Appendix 4 Participants colour assessment time schedules 
Table 3 
Subject 3 Colour Assessment 
Panel Colour Assessors 
   
Group A 
Code Date 
1006 02/10/2013 
1015 02/10/2013 
1014 02/10/2013 
1020 02/10/2013 
1008 02/10/2013 
1018 02/10/2013 
Group B 
Code Date 
1007 08/10/2013 
1005 08/10/2013 
1019 08/10/2013 
1021 08/10/2013 
1017 08/10/2013 
1009 08/10/2013 
 
Table 4 
Subject 5 Colour Assessment 
Panel Colour Assessors 
   
Group A 
Code Date 
1006 18/10/2013 
1010 18/10/2013 
1019 18/10/2013t 
1005 18/10/2013 
1021 18/10/2013 
1018 18/10/2013 
Group B 
Code Date 
1020 22/10/2013 
1022 22/10/2013 
1007 22/10/2013 
1015 22/10/2013 
1009 22/10/2013 
1014 22/10/2013 
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Appendix 4 Participants colour assessment time schedules 
Table 5 
Subject 2 Colour Assessment 
Panel Colour Assessors 
   
Group A 
Code Date 
1006 29/11/2013 
1018 29/11/2013 
1005 29/11/2013 
1020 29/11/2013 
1024 29/11/2013 
1023 29/11/2013 
Group B 
Code Date 
1007 03/12/2013 
1021 03/12/2013 
1014 03/12/2013 
1015 03/12/2013 
1019 03/12/2013 
1009 03/12/2013 
Table 6 
Subject 4 Colour Assessment 
Panel Colour Assessors 
   
Group A 
Code Date 
1007 22/11/2013 
1006 22/11/2013 
1020 22/11/2013 
1015 22/11/2013 
1021 22/11/2013 
1010 22/11/2013 
Group B 
Code Date 
1005 22/11/2013 
1019 22/11/2013 
1009 22/11/2013 
1014 22/11/2013 
1023 22/11/2013 
1024 22/11/2013 
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Appendix 4 Participants colour assessment time schedules 
Table 7 
Subject 7 Colour Assessment 
Panel Colour Assessors 
   
Group A 
Code Date 
1018 17/12/2013 
1015 17/12/2013 
1020 17/12/2013 
1021 17/12/2013 
1023 17/12/2013 
1024 17/12/2013 
Group B 
Code Date 
1006 26/02/2014 
1007 26/02/2014 
1014 26/02/2014 
1005 26/02/2014 
1019 26/02/2014 
1026 26/02/2014 
Table 8 
Subject 6 Colour Assessment 
Panel Colour Assessors 
   
Group A 
Code Date 
1006 20/01/2014 
1007 29/01/2014 
1025 29/01/2014 
1024 29/01/2014 
1014 29/01/2014 
1015 29/01/2014 
Group B 
Code Date 
1020 19/02/2014 
1021 19/02/2014 
1019 19/02/2014 
1005 19/02/2014 
1026 19/02/2014 
1018 19/02/2014 
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Appendix 5 Questionnaire skin colour scoring sheet 
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Appendix 6 Research Ethics Committee letter 
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Appendix 7 Hospital NHS R&D ethics committee letter 
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Appendix 8 University of Surrey FHMS ethics committee letter 
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Appendix 9 Spectrophotometer colour scan reproducibility test - an example  
Sub1 - Scan 1 v 2  
CIE Colour Differences 
    CIE De1976 
    ΔL Δa Δb ΔE (1976) 
    0.1524 0.3374 0.5495 0.66 
    CIE De2000 
    ΔL ΔC ΔH ΔE (2000) 
 
C a' b' 
0.1524 0.7349 0.0394 0.46 
 
13.22859 10.81377 10.92882 
CIE DeCMC 
    ΔL/SL ΔC/SC ΔH/SH ΔE (CMC) 
 
Delta L Delta A Delta B 
0.0145 0.2251 0.0037 0.49 
 
-0.15 0.34 0.55 
Scan 1 v 3 
CIE Colour Differences 
    CIE De1976 
    ΔL Δa Δb ΔE (1976) 
    0.3767 0.2770 0.1383 0.49 
    CIE De2000 
    ΔL ΔC ΔH ΔE (2000) 
 
C a' b' 
0.3767 0.1783 0.3847 0.46 
 
13.22859 10.7831 10.92882 
CIE DeCMC 
    ΔL/SL ΔC/SC ΔH/SH ΔE (CMC) 
 
Delta L Delta A Delta B 
0.0887 0.0008 0.3479 0.66 
 
-0.38 0.28 -0.14 
Scan1 v 4 
CIE Colour Differences 
    CIE De1976 
    ΔL Δa Δb ΔE (1976) 
    0.1119 0.1589 0.1442 0.24 
    CIE De2000 
    ΔL ΔC ΔH ΔE (2000) 
 
C a' b' 
0.1119 0.0611 0.2644 0.25 
 
13.22859 10.78255 10.9288 
CIE DeCMC 
    ΔL/SL ΔC/SC ΔH/SH ΔE (CMC) 
 
Delta L Delta A Delta B 
0.0078 0.0004 0.1668 0.42 
 
0.11 -0.16 0.14 
Scan 1 v 5 
CIE Colour Differences 
    CIE De1976 
    ΔL Δa Δb ΔE (1976) 
    1.5734 1.2077 0.9542 2.20 
    CIE De2000 
    ΔL ΔC ΔH ΔE (2000) 
 
C a' b' 
1.5734 0.4223 1.9437 2.11 
 
13.22859 10.77078 10.9288 
CIE DeCMC 
    ΔL/SL ΔC/SC ΔH/SH ΔE (CMC) 
 
Delta L Delta A Delta B 
1.5468 0.0208 8.5903 3.19 
 
-1.57 1.21 -0.95 
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Scan 1 v 6 
CIE Colour Differences 
    CIE De1976 
    ΔL Δa Δb ΔE (1976) 
    1.2943 1.7236 -0.5129 2.22 
    CIE De2000 
    ΔL ΔC ΔH ΔE (2000) 
 
C a' b' 
1.2943 1.2290 2.2346 2.32 
 
13.22859 10.80323 10.9288 
CIE DeCMC 
    ΔL/SL ΔC/SC ΔH/SH ΔE (CMC) 
 
Delta L Delta A Delta B 
1.0467 0.1014 11.2307 3.52 
 
-1.29 1.72 -0.51 
 
Scan 2 v 3 
CIE Colour Differences 
    CIE De1976 
    ΔL Δa Δb ΔE (1976) 
    0.2243 0.0604 0.6877 0.73 
    CIE De2000 
    ΔL ΔC ΔH ΔE (2000) 
 
C a' b' 
0.2243 0.5552 0.4151 0.52 
 
12.58456 10.32599 10.3793 
CIE DeCMC 
    ΔL/SL ΔC/SC ΔH/SH ΔE (CMC) 
 
Delta L Delta A Delta B 
0.0314 0.2083 0.4163 0.81 
 
-0.22 -0.06 -0.69 
 
Scan 2 v 4 
CIE Colour Differences 
    CIE De1976 
    ΔL Δa Δb ΔE (1976) 
    0.2643 0.4963 0.4052 0.69 
    CIE De2000 
    ΔL ΔC ΔH ΔE (2000) 
 
C a' b' 
0.2643 0.7969 0.2189 0.55 
 
12.58456 10.3255 10.3793 
     ΔL/SL ΔC/SC ΔH/SH ΔE (CMC) 
 
Delta L Delta A Delta B 
0.0436 0.2155 0.1175 0.61 
 
0.26 -0.50 -0.41 
 
Scan 2 v 5 
CIE Colour Differences 
    CIE De1976 
    ΔL Δa Δb ΔE (1976) 
    1.4209 0.8703 1.5036 2.24 
    CIE De2000 
    ΔL ΔC ΔH ΔE (2000) 
 
C a' b' 
1.4209 0.3057 1.9387 2.04 
 
12.58456 10.3149 10.3793 
CIE DeCMC 
    ΔL/SL ΔC/SC ΔH/SH ΔE (CMC) 
 
Delta L Delta A Delta B 
1.2591 0.4005 8.7774 3.23 
 
-1.42 0.87 -1.50 
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1. Introduction 
This research log summarises the advanced research skills and knowledge I have 
acquired through the Doctorate in Clinical Practice programme at the Faculty of 
Health and Medical Sciences (FHMS) - School of Health and Social Care, 2009 - 
2014. I have compiled a reflective diary throughout the modular programme (Figure 
1) as a form of governance for my research project. The diary includes a list of my 
supervisory records, my annual and peer reviews meetings, and the topic specific 
notebooks maintained as part of the doctoral study process. 
 
1.1 Developing research awareness 
I started my Doctorate in Clinical Practice as I had a great interest in developing 
myself, as a researcher in Maxillofacial Prosthetics clinical practice. I explored 
undertaking a PhD at King’s College London (KCL), or leaving my comfort zone by 
committing myself to undertake a Doctoral research programme. The last was my 
278 
 
choice, because I felt that the elements of the programme were more relevant to my 
clinical practice. 
 
My aim as a lead Consultant Maxillofacial Prosthetist (Healthcare Practitioner) is to 
develop our specialist Cranio-maxillofacial Prosthetics Services as a Centre of 
Clinical Excellence. I have some experience in research, while working as a 
Maxillofacial Prosthetist Healthcare Practitioner in the NHS over the last 24 years. I 
completed an MSc in Medical Sciences fourteen years ago and work to provide a 
clinical-technical patient focussed services, including research and development. I 
am involved in delivering the training programme and professional development for 
the Clinical Reconstructive Scientists (Modernising Scientific Careers NHS), hosting 
the training of the MSc Reconstructive Clinical Sciences in Maxillofacial Prosthetics. 
My role prompted me to reflect on the need to develop into the research field and 
bring this into my daily practice. I have reflected on my existing skills and knowledge 
and identified areas I needed to develop as a doctoral student (Table 1). 
 
Table 1 Areas of development 
 Areas to develop Action Plan 
Knowledge  
& understanding 
 Critically evaluate 
information 
 Knowledge and 
understanding of health 
evaluation and service 
development  
 Ability to present 
information  
 Writing skills  
 IT skills 
 Evaluation research 
methods 
 Assessments / 
submission of my project 
Cognitive skills 
 Synthesis 
report/presentations 
 Skills of critical analysis  
 Knowledge and 
understanding of health 
 Writing for publication 
 Disseminating findings of 
small projects 
 Evaluate research design 
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evaluation and service 
development  
 
Practical skills 
 Time management 
 Statistical methods/ 
analysis  
 knowledge of using 
referencing tools to aid 
academic writing 
 Depth of understanding 
of research methods and 
knowledge 
 
 Organise a journey 
planner 
 Undertake time 
management course 
online 
 Library - Statistical 
methods -Research 
methods workshops 
 Tutorials / discussions 
with statistician 
 Thesis writing skills 
workshop 
Transferable skills 
 Strategy dissemination 
 Team player 
 Work inter-professionally 
 Presentations at 
seminars and 
conferences 
 Writing for publication 
 Provide CPD training 
courses/ seminars / 
forums 
 
1.1.2 My primary aims 
 To develop specialist advance research practice in Craniofacial Prosthetics, to 
deliver an all-round level of patient care and performance. 
 Promote modernisation and innovative service practice in Maxillofacial 
Prosthetics field, in line with the national agenda and the NHS Plan. 
 Develop a culture within our community of maxillofacial prosthetics 
practitioners where increasing focus is placed on caring for patients and 
research. 
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 Support development of strategic capacity and capability of Craniofacial 
Prosthetics clinical-technical services to the Supra Regional services and 
multidisciplinary teams 
 Work in partnership with other organisation to develop the local health 
economy and NHS position as a centre of excellence. 
 Provide Maxillofacial Prosthetics Reconstructive Scientist post graduate 
training, continuing professional development with the highest standards of 
clinical care, education and research. 
 Deliver the MPT job plans and strategic Trust planned service objectives. 
 
1.2 Programme Structure and content 
The structure of the taught programme and development of my doctoral journey, 
consisted on integrate practice and theory that prepared me for my research project 
(Figure 7.1). This enabled me to synthesise approaches for my research design and 
become a more reflective practitioner. 
 
The doctoral study in clinical practice focussed on a range of areas relevant to 
healthcare provision and embrace evidence based practice, policy and education.  
The programme helped me develop the skills needed to develop as a researcher and 
establish a research programme in my practice. These skills enable me to reflect on 
innovation and changes in maxillofacial prosthetics clinical practice, become aware of 
the development of advance practice and service delivery within my specialist field 
and other communities of healthcare practitioners. The skills that I have gained, has 
enabled me to focus in the new strategic plan to develop my practice within the 
strategy of the new Clinical Academic Health Care Centre (CAHCC). 
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The modules: 
 Introduction to Doctoral Studies 
 Communities of Practice 
 Advance Research Methods 
 Policy, Politics and Power 
 Leadership in Healthcare Organisations 
 Service Evaluation 
Figure 1. Integration of Doctorate of Clinical Practice elements. 
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The first formal assignment for the doctoral program was the completion of a 
personal development plan that encompassed learning needs in conjunction with my 
360 degree NHS appraisal model. I felt that by developing an understanding of my 
learning needs, I was able to explore my motivation for completing a doctoral study. 
The process was to identify and assess my developments needs and create an 
action plan, to strengthen my weaknesses in key transferable and study skills. This 
reflexive process set up my goals, and has helped me to focus on the requirements 
of the program and my ability to develop as a researcher in clinical practice. One of 
the advantages of the taught doctorate was my exposure to other healthcare 
communities of clinical practice and gaining a wider appreciation of healthcare 
delivery and the challenges faced by other practitioners. 
 
1.2.1 Topic review 
The ideas for the research project were developed within the first year of starting the 
program. This was elaborated based on the needs to evaluate a new technology in 
my own clinical practice, thus my research topic proposal. As a Maxillofacial 
Prosthetist, I am responsible for both, patient service delivery and development my 
clinical practice, in particular with the latest technologies for improving patient 
outcomes.  As a tutor in Maxillofacial Prosthetics, I deliver the clinical skills for the 
MSc programme to the future Clinical Reconstructive Scientists. 
 
As lead Maxillofacial Prosthetist, I provide maxillofacial prosthetics services and 
rehabilitate patients with facial deformities. I have always been driven to be at the 
forefront in service provision in patient care and to embrace technological innovations 
in clinical practice. Teaching the MSc students in caring for patients that due to 
trauma, cancer or congenital deformities need facial rehabilitation has direct me to 
establish a research culture in practice. Teaching clinical skills to restore a patient 
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facial deformity and advanced technology has introduced a number of challenges to 
the way clinical practice is delivered. Advanced technology is now at the forefront of 
treatment planning for facial reconstruction. Thus the topic for my research project 
being an evaluation of advance digital colour technology to colour match facial 
prostheses. 
 
1.2.2 Introduction to doctoral studies 
This introductory element to the Doctorate of Clinical Practice assisted me on the 
development of core skills and competencies to undertake my doctoral of clinical 
practice. I developed the skills to outline a research proposal within my practice. I 
started a reflective research log, and compiling my logbook of research experience 
thought my doctoral journey. I had to adapt and learn skills in e learning. 
 
1.2.3 Communities of practice 
This module exposed me to the governing issues of good practice. I developed my 
knowledge and skills needed in my clinical practice and helped me to understand the 
multidisciplinary team approach needed for the overall patient care. I explored other 
types of professional knowledge and how this transfers within our community of 
practice. 
 
1.2.4 Policy, politics and power 
The policy review enabled me to understand the complexities of policy development 
and the political drivers influencing service development and reorganisational 
changes in the NHS organisation. It made me understand the critical factors that 
enhance policy dissemination within the UK, and Global Health Care setting. 
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1.2.5 Advanced research methods 
This module helped me to explore the wider range of research methods, assisting my 
own ideas about the direction my project would take. I was able to reflect on both, 
quantitative and qualitative paradigms and how to use this for each scenario plan. It 
helped me to identify my empirical practitioner paradigm, and how this in conjunction 
to my topic and research questions will formalise my research design. I was 
prompted to explore mixed methods, qualitative and quantitative research. However, I 
felt that a quantitative approach was the vehicle to answer my research questions. 
 
1.2.6 Leadership in health care organisations 
I developed an understanding of how leading change can be managed in the context 
of a potentially merger of services at a Hospital NHS Trust. It allowed me to reflect on 
an ongoing organisational change within my work. I explored my leadership skills, 
and how a democratic flexible management style, accompanied by shared of values 
can result in continuity of engagement by the team and hence their commitment to 
support change in the NHS organisation. As a team leader, I have gained 
understanding of the dual nature of working within an organisation while 
simultaneously leading change between the status quo and the new. 
 
1.2.7 Service evaluation 
The service evaluation component enabled me to gain a wider understanding of how 
to evaluate the advanced digital colour technology recently implemented in my 
clinical practice. This was challenging, as I had to explore service evaluation from an 
economic perspective. My supervisory discussions enabled me to decide on the 
direction of this project. It afforded me insight into the cost efficiencies of adapting 
new methods of practice, in this case advance technology, versus artistically driven 
colour matching facial prostheses. 
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1.3 Ethics submission 
The study proposal was submitted for REC ethical review in December 2011. 
Favourable ethical opinion was obtained end of March 2012. This was followed by 
ethical approval from the NHS Trust in May 2012, where the project was to be 
undertaken; and Surrey University at the end of June 2012. This challenging process, 
made me to understand the importance of safe research practice. Subsequently, I 
started phase one of my study in July 2012, and once completed proceed to phase 
two. 
 
1.4 Supervision and mentoring 
Supervision has been through regular monthly meetings. The supervisory meetings 
were constructive, although I discover that my practice and topic was not in line with 
the nursing background of my supervisors. This has proven challenging at times 
although constructive. I had two supervisor changes within my doctoral journey, one 
in my third year and one at the end of my doctoral journey, due to restructuring in the 
Division of Health & Social Care. This was disappointing, as I felt a loss of continuity 
although I learned to integrate with changes. I have compiled detailed records of 
supervisory meetings (Table. 2), and have used these, to support my project 
development. Time constraints have also been another burden, in particular my 
ability to coordinate work, meetings and research development. However, I take this 
as part of the research process and learning journey. I have fostered good peer 
meetings, where I developed skills in debating my ideas, listening and questioning, 
this has been influential in my development as a researcher. 
 
I have a clinical mentor at my work place and kept monthly meetings in place. 
Although work related pressures forced me to re-schedule these meetings at some 
points during my research journey, these were pivotal in my development as a 
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researcher. The research design was complex as I was not an expert in colour 
technology. Mentoring enabled me to reflect on my ideas and debate problems 
encountered in my doctoral journey. 
 
1.5 Annual reviews 
I have completed my annual reviews along with the taught module assignments.  
These have been used to inform my research log. The annual summaries provided 
me with an opportunity to reflect on, and discuss, the achievements and the 
difficulties encountered throughout my doctoral journey. 
 
1.6 Training 
I have attended the taught modules, follow online and library workshops. I have 
presented and attended various scientific meetings (Table. 3). This enabled me to 
appreciate the challenges and achievements of developing as a clinical researcher. I 
have completed the mandatory tutorials as following: 
 
1) Instruction in the use of NVivo (23/11/2010) 
2) Good Clinical Practice (23/01/2010) in preparation for ethics submission 
3) Viva examination. Surrey University, Guilford. UK 
4) Thesis writing. Surrey University, Guilford. UK 
 
Reviewing my initial development needs my learning can be updated as follows:  
 Breadth and depth of understanding research methodologies: I have a greater 
understanding of mixed methods, and of the philosophical basis, of both 
quantitative and qualitative research. 
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 Depth of critical analysis synthesis and evaluation in academic writing: this 
still remains a challenge and in need of development. 
 Organisational pressures: I have learnt to delegate and prioritise tasks. 
 Time management: I have developed skills in prioritising weekly work 
commitments and allocated study time. 
 Statistical methods: These are my weakest area and still intend to attend 
SPSS workshops to enhance my knowledge and understanding. 
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Table 2 Summary of supervision  
 
Date Discussion points Action points 
16.03.2009 
 Community of practice 
 Advance research methods 
 Policy politics and power 
 Topic review / assignments 
 Access resources 
 Mixed methods approach 
 Tool for policy review 
02.03.2009 
 Discuss interest and ideas for 
research project (Dr Knibb) 
 Service development 
 Search topic of interest in advance 
digital colour technology 
20.03.2009 
 Explore study project 
 Defining project 
 Service development and 
policy (Dr Vydelingum) 
 Define policy and read around 
policy analysis 
 Meet with Dr. Vydelingum to 
discuss 
 Send policy review 
02.07.2009 
 Supervisory tutorial 
 Project ideas 
 Contract arrangements 
(K Bryan & W Knibb) 
 Organise study times/ deadlines 
 Research literature 
 Summary proposal by 21/04/2009 
02.07.2009 
 Revise PPP 
 Identify research topic 
 Service evaluation summary 
(Dr Vydelingum) 
 Review NHS evidence and 
Cochrane to enhance depth and 
breadth of literature and evidence 
accessed 
16.11.2009 
 NVivo 8 tutorial 
 Introduction to software  
 Workshops data processing 
16.03.2010 
 Service evaluation 
(Dr Kinbb) 
 Planning economic evaluation 
 Nice 
18.03.2010 
 PPP failed 
 Leadership assignment 
 Research proposal 
 Prepare case study 
 Leadership assignment 
 Send Policy review (Vasso). 
28.05.2010 
 Revision of  
research question 
 Review research question 
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 Explored thesis  title  Send literature review 
 Explore methodology 
 Get statistical advice data analysis 
24.06.2010 
 Annual progress  
 ARM – re-submit 
 Research proposal 
 Leadership submit 
 Time management 
 Re-submit assignments 
 Revisit service evaluation  
04.04.2011 
 Ethical issues 
 Draft research proposal 
 Timeframe 
(K.Bryan / W.Knibb) 
 Re-write research proposal 
 Look & complete IRAS 
 Research ethic Kings and Surrey 
 Send supervisory meetings 
05.05.2011 
 Research proposal 
 Method for data collection 
 Ethics submission 
 Revise proposal methods 
 Develop questionnaire 
13.06.2011 
 Research proposal 
 Study leave discussion 
 Complete first draft proposal 
 Complete IRAS submission 
23.06.2011 
 Completed Policy review 
 Completed ARM 
 Complete / Service evaluation  
 Progress research proposal  
 Revisit literature review 
28.07.2011 
 Participants consent forms  
 Research questions 
 Develop form KCH policy 
 Revisit methods answer research  
20.09.2011 
 Revisit IRAS proposal   Complete IRAS forms 
15.12.2011 
 Review ethics application  Submit IRAS submission 
12.01.2012 
 Discussion University ethics 
form 
 Submit University and NHS ethics 
forms 
26.01.2012 
 Discussion point by ethics 
committee 
 Timeline thesis completion 
 To attend ethics committee 
meeting 
 Revise timeline / outline thesis 
completion 
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15.02.2012 
 Discuss attendance to ethic 
meeting 
 Prepare R&D NHS Trust 
 Working with literature review 
 Write methodology 
21.06.2012 
 Annual progress 
 Objectives for 12/12 
 Update literature review 
 Phase 1 progress and paper 
 Keep working on phase 1 - 2  
 Research framework 
 Innovation technology (Dr Knibb)t 
25.07.2012 
 Theoretical  
framework discussion 
 Revise Gantt chart 
(Prof Bryan & Dr Knibb) 
 In depth discussion of framework 
 Continue with data collection for 
phase 1 -2 
22.08.2012 
 Busy at work 
 Diffusion of innovation 
discussion 
 Data collection discussion 
 Analysis of phase 1 
 Theoretical framework 
27.09.2012 
 Discuss Phase 1 data  
 Discuss data collection 
 Data analysis 
 Peer review thesis 
 Discussion supervisory support 
03.12.2012 
 Discussion statistics 
 Draft of phase 1 and phase 2 
data collection issues  
 Plan data collection timescales 
 Invite colour assessors 
 Complete write up phase 1 
15.01.2013 
 Update on data collection 
 Data analysis progress 
 Discussion  
conceptual framework 
 Revise methodology 
 Adapt conceptual 
framework/psychometric/validity  
 Continue data analysis phase 1 
28.02.2013 
 Structure of thesis 
 Phase 1 results 
 Discuss phase 2 
(Dr Knibb) 
 Rational for methodology 
 Conceptual framework 
 Methods / Ethical consideration 
(Change of supervisor 
 Prof. S Faithful) 
 
10.04.2013 
 Discussion thesis  Revise background 
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 Introduction 
 Clinical service 
 Innovation 
 Literature review 
 Timelines and mitigating 
circumstances 
 Progress with thesis chapters 
 Progress with phase 2 
 Write results 
 Reflexivity / research process 
Difficult to relate framework / 
project 
22.05.2013 
 Update progress 
 Chapters 1,2,3 
 Conceptual framework 
 Revise introduction and literature 
review 
 Progress with phase 2 
04.07.2013 
 Annual review 
 Progression discussed 
 Difficulties to complete  
 Discussed  
temporary withdrawal 
 
 Apply for 6 month temporary 
withdrawal 
 Work commitments 
19.02.2014 
 Discussion 
1 year progression 
 Discussion change in study 
methodology 
 Focus on methodology 
 Rational for phase 2 
 Critical tool for evaluation 
01.04.2014 
 Discussion DCP portfolio 
 Write up-analysis 
 Conceptual framework 
 Thesis structure  
(Dr Knibb) 
 Apply for 3 moths extension 
 Write up phase 2 
 Register for Viva workshop 
 Consider external examiners 
 Extension granted 10.04.14 3/12 
20.05.2014 
 Feedback complete draft 
 Describe phase 2 
 Discussion 
 Write up phase 2 and discussion. 
Conclusion 
 Timelines to finalise 
02.06.2014 
 Discussion  and findings write 
up 
 Thesis structure discussion 
 Complete write up findings 
 Draft Plan  
 Submit full draft by 7.07.14 
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 Complete logbook  
29.07.2014 
 Review final draft 
 Dr Knibb leaving 
 Pro Faithfull suggested to 
liaise with Biomedical 
Engineering 
 
 Revisit suggestions 
 Disappointed with changes 
 Complete logbook  
 Paper submission 
 To meet with Prof M Hughes 
(Biomedical Engineering) 
 
Table 3 Scientific meetings / presentations and publications 
 November 2013  
Poster presented at the IADR Irish Division Meeting, University College Cork, Ireland 
1) The Reproducibility of Spectrophotometer Skin Scans for Facial Prosthetic 
Reconstruction. 
2) Optimal Simulated Skin Sample Thickness for Spectrophotometer Skin Colour 
Measurements.  
Nacher-Garcia, C., Bamber, M.A., Douiri, A., Knibb, W. 
 October 2013  
Communication presented at the TMJ Multidisciplinary Team – Seminar 
KCH NHS Foundation Trust, London, UK 
Role of splint therapy in TMJ. 
 June 2012  
Poster presented at the BAOMS Annual Conference, London  
Poster presented at the World Congress of Pain Conference, Granada, Spain 
Publication in the British Journal of Oral and Maxillofacial Surgery, 50 (1), pp. S17-
S18, June 2012. 
N. Ahmed, N.S. Matthews, T. Poate, C. Nácher, N. Pugh, H. Cowgill 
The TMJ MDT Clinic – The King’s Experience 
 July 2010  
Poster presented at the Festival of Research, University of Surrey, Guilford 
Clinical Application to Colour Match Silicone Elastomers for Facial Prostheses using 
the Spectromatch Digital System. 
 November 2009 
Workshop and poster presented at the International Anaplastology Association IAA 
24
th
 Annual Conference, Paris 
Advance Digital Colouring Technology with the Spectromatch System: Clinical 
Application to Colour Match Silicone Elastomers for Facial Prostheses. 
 September 2009 
Workshop / Poster presented at the 24
th
 Scientific Congress on Maxillofacial 
Prosthetics and Technology, Belfast, Northern Ireland, UK 
1) Clinical Application to Colour Match Silicone Elastomers for Facial Prostheses 
Using King’s College Hospital Protocol. 
2) The role of the Maxillofacial Prosthetist within the Management of the Orthognathic 
Patient: A Multidisciplinary Team Approach. 
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 June 2009 
Communication presented at the “Sociedad Española de Ortodoncia” 55 SEDO 
Congress, Valencia, UK 
Applications of New Technology for Orthognathic Model Surgery Planning: The role of 
the MPT within the Orthognathic Service Provision. 
 March 2009  
Communication presented at the Department of Orthodontics and Maxillofacial 
Surgery clinical audit, 2009, KCH NHS Foundation Trust, London, UK 
Orthognathic Activity Update – The role of the MPT within the orthognathic service 
provision. 
 January 2009  
Communication and workshop presented at the International Symposium and 
Workshops – 2009 Universitair Medisch Centrum Groningen, The Netherlands 
1) Spectromatch System – A protocol for Skin Colour Matching of Silicone Elastomers 
for Facial Prostheses (KCH). 
 
1.7 Summary of chapter 
The doctoral studies have influenced my development as an advanced healthcare 
practitioner, and enabled me to develop research and evaluate clinical practice at a 
higher level. I am able to explore in depth the basis for practice and professional 
knowledge, how health care policy and leadership influences health care and the 
associated professional ethics. On reflection these are now embedded in my practice, 
enabling me to challenge the political agenda and changes at organisational levels, in 
addition to safely implement research in clinical practice. 
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1. Introduction 
This paper presents a reflective account of how the taught modules of the Doctorate 
in Clinical Practice and the research project, have contributed to the integration of 
research knowledge within my clinical practice. The doctorate in clinical practice is 
divided in the six taught modules presented in Table 1 (Appendix 10 - research log). 
 
The aim for the taught elements was the initial theoretical learning. This assisted me 
to complete the assignments and apply this learning to my practice as a Maxillofacial 
Prosthetist, a tutor, and direct me through my research journey. The first learning 
encounters during my first year were about “reflection” with the most challenging how 
to develop as a “critical thinker” (Boud et al., 1994). I was to learn about reflection, 
and how to consider deeply something which I might not otherwise have given much 
thought to. This helped me to learn. I was consciously looking at and thinking about 
my experiences, actions, feelings and responses, and then interpreting or analysing 
them in order to learn from them (Boud et al., 1994; Atkins and Murphy, 1994). I had 
to learn to ask myself questions about what I did, how I did it, and what I learnt from 
doing it. I was to distinguish between “reflection-in-action” concerned with practicing 
critically, i.e. as Maxillofacial Prosthetist working with facial disfigured patients on a 
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rehabilitation session, making decisions about the suitability of a devised treatment 
plan, the follow up sessions and judging the success of rehabilitation treatment at the 
same time as practicing; and with, “Reflection-on-action” on the other hand, that 
occurs after the activity has taken place, when you are thinking about what you, and 
others, did, judging how successful I was, and whether any changes to what I did, 
could have resulted in different outcomes (Schön,1991). This last was the reflection, 
which I wrote, as part of my project and Doctoral of Clinical Practice. 
 
Becoming reflective was the most challenging experience encountered in this 
doctoral journey. I had to learn the skills associated with stepping back and pausing 
to look, listen and reflect, which are closely related to those concerned with critical 
thinking, which also requires to ‘unpack’ whatever I was focusing on, not simply 
accept what I read or hear at face value (Boud et al., 1994). Through this process, I 
was gradually identifying things that I would not otherwise notice. Moon (2004) notes 
similarities between being reflective and using an imaginary instrument called a 
‘pensieve’ (Rowling, 2000). This could be linked to Rowling’s description from, Harry 
Potter and the Goblet of Fire: ‘One simply siphons the excess thoughts from one’s 
mind, pours them into the basin, and examines them at one’s leisure. It becomes 
easier to spot patterns and links, you understand, when they are in this form’ 
(Rowling, 2000). 
 
The key to reflecting was spotting the patterns and links in thought, which emerge as 
a result of my experiences in life and in learning. Sometimes this was difficult, 
because the focus is on “me” and the difficulty was to depersonalise from my work 
and at the same time relate to theoretical underpin of knowledge. The dual process of 
referencing academic theory and, in describing a learning experience was a difficult 
encounter. However, this gave me the opportunity to build on my strengths and 
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develop strategies to minimise my weaknesses during my research journey, in which 
I developed, knowledge skills and attitudes of a reflective researcher. I chose a 
simple model to generate critical thinking, from any topic area, description, analysis 
and evaluation were the cycle to generate my questions, and reflection on action 
develop my ideas for my research project (Figure 2). 
 
Figure 2 Jonh Hilsdon’s Model to generate critical thinking (2006). 
 
The taught element of the programme and components along these were delivered in 
the first years and embedded within my work in Maxillofacial Prosthetics care, I 
utilised these skills to further develop my day to day practice and introduce research 
journey in practice (Figure.3).  
Analysis 
 
 
Evaluation 
Description 
Topic 
Where?
 
What
next? 
How? 
Why? 
What? 
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What if? 
So what? 
When?
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Figure 3. The doctorate of Clinical Practice - My Journey. 
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1.2 Policy politics and power 
I was to learn about how policies influence NHS service. My chosen policy a “New 
Trauma and Stroke Services for London” (HfL 2007a), was to influence my clinical 
practice and how this was to affect service delivery and to strategically prepare for 
reorganisational changes with the NHS. 
 
After completion of this taught module I was able to reflect, explore and chose 
relevant policy for my research project, it helped me to critically approach national 
and local policy. I have an in-depth understanding of the processes involved and how 
this are driven and implemented. In particular this has assisted in understanding how 
the policy influence in the re-organisation and delivery of my specialty services in 
maxillofacial prosthetics within the development of major trauma centers in London. 
The plan was to set up provision of comprehensive 24/7 trauma and stroke care, at 
some of London’s major acute hospitals, to treat sufficient volumes of patients to 
maintain the most specialised clinical skills and to achieve the best outcome for 
patients. Although the model of healthcare provision was to meet Londoners’ needs, 
the cost of delivering these models was questionable. I was able to understand the 
process and the importance of integrating NHS commissioning arrangements with 
those of local authorities. The policy prompted me to explore the implementation of 
advance technology to support the major trauma specialist service delivery. This 
direct my research project into an evaluation of the Spectromatch system advanced 
digital colour technology, recently implemented in my clinical practice.  
 
It was evident that the policy document only provided a broad framework for 
implementation locally. The key message was that specialist services would need the 
latest technology and resources to deliver excellence in clinical practice and better 
patient outcome, therefore the evaluation of this new technology was essential to 
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provide an evidence base practice. From the perspective of a Maxillofacial 
Prosthetics this new technology would support the service model of advanced 
practice. 
 
1.3 Advanced research methods 
This module provided me with advanced research skills and was a key to equip me 
with critical reasoning skills and expose me to explore the appropriate research 
methodology and methods for my projects. It gave me the ability to question what my 
research paradigm was and how this will link with answering my research question.  
A quantitative methodology was chosen for my research project, based in the belief 
that the world is measurable. The literature was divided in various themes, and it was 
the catalysts that support my research questions, in addition to how I was to design 
my research project. Phase one was to test the reliability and validity of Spectromatch 
system; and phase two, was to determine the Delta E threshold values, were human 
eye cannot detect a colour difference, hence a good colour match, between the 
simulated skin silicone sample and the patients skin. Objectively the colour 
assessments of the silicone samples against the patients skin, was designed to 
support the various items that need to be controlled. This helped from my initial idea 
of testing this new technology and to set up the basis for further research. Therefore, 
my skills and knowledge in designing a research proposal were developed in this 
module. 
 
1.4 Service evaluation 
This module enabled me to developed manager’s skills in evaluating different aspects 
of service delivery. The aim of this health economic evaluation assignment was to 
assess the cost consequences of a new advanced digital colour technology 
intervention in craniofacial prosthetics reconstruction, a new clinical procedure to 
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colour match facial prostheses in our clinical practice. I was to critically analyse and 
justify the research design, data collection methods chosen for this study. I was to 
identify the application of various analytical techniques, measure costs and benefits 
of various types of health care interventions, in order to provide evidence on cost 
effectiveness and help decision making around resources. I was able to consider the 
link to the evidence base practice for introduction of advance technology in 
Craniofacial Prosthetics reconstruction care (NICE 2008), and also from the cost 
effectiveness of service perspective, making the best use of allocated resources, 
aiming to maximise health service gains against budget constraints (Knibb 2009). 
During the development of this service evaluation project my skills of team working, 
communication, negotiation and leadership developed. 
 
1.5 Leadership in healthcare organisations 
This module enabled me to focus more closely on the topic of leadership manager 
role using case study approach, my role was to lead the team, to participate in team 
building, to develop a cohesive and effective group and to create clear key 
performance indicators specific to the provision of service delivery to cover for the 
supra regional trauma specialties of Cranio-Maxillofacial, Neurosurgery, ENT, Head & 
Neck, Cleft Unit and Ophthalmology departments. It helped me to explore an action 
plan to review our set up objectives to establish a plan to carry out three-monthly 
reviews and to communicate the outcomes to the senior manager.  I was to reflect on 
the NHS Modernisation Agency Improvement Leaders' Guide (DOH 2004) and the 
importance of taking into consideration the human aspect when planning a change 
project. This continuous reflection supported me in understanding how change 
initiatives should be thought through and planned as far as possible taking into 
account the psychological bonds that staff forms with their work groups and their 
organisation as a whole (Walton, 1995). Also how change project should be 
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presented as an opportunity to improve the quality of performance and that clinicians 
should be involved on a consultative basis to develop research in practice (Fulop et 
al, 2004). 
 
This module helped me to understand my role as a team leader; I have gained 
understanding into the dual nature of working within an organisation while 
simultaneously leading change between the status quo and the new. This experience 
supported the engagement of my team in the support needed on the operational site 
of my research project and they learn about research and development in 
Maxillofacial Prosthetics. 
 
1.6 Research project 
My research project was to test the development of a new technology in the 
Maxillofacial Prosthetics practice. As a new researcher in clinical practice I was to 
reflect on the study design and methodology approach. I was to explore how a 
conceptual framework was to provide the bases of organising the structure for my 
study, to guide the development, to answer the research questions, and testing of 
hypothesis and to place research findings within the context of science (Mock et al., 
2007; Wisker, 2008). 
 
My question asked “can the scanner reproduce colour, and the system colour 
formula?” “Can the system reproduce a good colour match for facial prosthetics?  
These processes were to consequently, influence the clinical practice and external 
networks such as scientific groups, aiming to further develop our way of practice 
using advance colour technology and improve the outcome for patient in this medical 
specialty. However, before this, as well as testing the instruments and equipment, the 
perceptible and acceptable colour match thresholds within this system would have to 
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be determined, in a quantifiable manner, best vehicle would be the Delta E value, to 
assess the ability of the system to colour match silicone prosthesis for these various 
ethnic groups. The research questions were asked in a deductive manner. The main 
query was how to evaluate the new digital colour technology; the Spectromatch 
system, a system which has been implemented in our clinical practice recently. The 
nature of my questioning and understanding of the concept, influenced the way I was 
to ask the questions; and help to select the methods to test and answer the enquiry. 
 
As a Healthcare Scientist Maxillofacial Prosthetist, I stand within the paradigm that 
the world is definable, provable and can be discovered and describable. Hence 
quantitative methods to collect data were my choice; as it aims, to scientifically 
evaluate this new technology in a quantifiable manner. The study was designed to be 
undertaken in two phases, the reason for this was because the new advanced digital 
technology has not been evaluated yet in the clinical practice of maxillofacial 
prosthetics reconstruction. Therefore, the phase one, was to test if the new digital 
colour system (Spectromatch-Pro System Ltd. UK) can measure, record and 
reproduce subjects’ skin colour; and the phase two of the study, was to identify 
accuracy and acceptability of the colour match, to determine the base line data, the 
Delta E value, for colour matching facial prostheses in four ethnic groups, that range 
from white to black human skin tones. It was to explore, if there was any correlation, 
between colour difference perceived by human eye, in the subject facial skin colour 
and the elastomer (silicone) specimen (samples); which were produced from the 
colour match formulae created by the Spectromatch digital colour system. These 
experiments are fundamentals to any further clinical studies in this field, e.g. 
comparisons of artistically colour matched facial prosthesis; the standard method, 
versus, a scientifically digitally driven method. 
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Phase one of the study tested the reproducibility of the scanner and the colour 
formulation process within the system software. I had to rationalise how to proceed to 
phase two of the study. Phase two was designed to look at the perceptibility and 
acceptability of the colour match of silicone samples to human skin using the 
judgments of a colour assessor panel. This part of the study was approached with a 
colour model theory, which I had to explore further into colour science. The outcome 
of this scientific study was to bring new knowledge and set the scientific basis to 
reproduce and quantify colour, aiming to implement the baseline standards, for colour 
measurements, in the clinical practice of maxillofacial prosthetics for White, Chinese, 
Asian and Black ethnic groups. 
 
Therefore, quantitative research approaches using experimental tests for the phase 
one; and a custom designed questionnaire (modified) for the phase two of the study, 
was chosen to test and analyse my research questions described earlier. 
 
A quantitative experimental research design was the chosen methodology for this 
two-phase study. This kind of research is positivistic, based on my belief that the 
world is describable and provable, measurable and deductive; because the research, 
evaluates a new instrument, a digital colour system, a tool that captures the human 
skin colour to formulate facial prosthesis, and colour tests a hypotheses or 
assumption (Wisker, 2008). 
 
The guidance of my clinical mentor and the statistician were key factor so to assist 
my development as a researcher and finalise this novel study to advance 
Maxillofacial Prosthetics research (see Research Log - thesis part 1). 
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1.7 Summary 
The journey undertaken during the Doctorate of Clinical Practice has developed my 
understanding and skills required for advancing service provision, patients’ 
rehabilitation outcomes and integrate this in research and practice. This doctoral 
journey has enabled me to develop as a clinical researcher. Furthermore the findings 
of my study brought a new insight into the scientific field of Maxillofacial Prosthetics. 
The model and study design has addressed the topic of colour matching facial 
prostheses. It is anticipated that the wider dissemination of the findings of this study 
may contribute to the development and change practice in Maxillofacial Prosthetics 
for better patient outcome. 
 
Overall, the doctoral journey was a challenge and I have effectively integrated my 
knowledge, research and practice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
305 
 
References 
 
Atkins S. & Murphy, K. (1994) ‘Reflective practice’. Nursing Standard. 8, 39, June, pp. 
49-54.  
 
Bolton G. (2001) Reflective Practice: Writing and Professional Development. London: 
Paul Chapman Publishing. 
 
Boud D., Keogh R. & Walker, D. (1994) Reflection: Turning Experience into Learning. 
London: Kogan Page.  
 
Department of Health (2004) NHS Modernisation Agency Improvement Leaders' 
Guide [on line]. Available from: www.modern.nhs.uk. [Accessed 4th May 2010]. 
 
Fulop N., Protopsaltis G., King A., Allen P., Hutchings A. & Normand C. (2004) 
Changing Organisations Healthcare for: Study of the context and Processes of 
Mergers of Healthcare Providers in England. Elsevier Ltd. 
 
Healthcare for London (2007a) A framework for action [on line]. Available from: 
http://www.healthcareforlondon.nhs.uk/assets/Publications/A-Framework-for-
Action/aFrameworkForAction.pdf. [Accessed 1 May 2009]. 
 
Hilsdon J. (2006) Re-Thinking Reflection. The Journal of Practice Teaching in Health 
and Social Work. 6 (1) pp. 57-70. 
 
Knibb W.J. (2009) Health economics in surgery. Surgery, 
doi:10.1016/j.mpsur.2009.08.011 
 
Mock V., St. Ours C., Hall S., Bositis A., Tillery M., Belcher A., Krumm S. & McCorkle 
R. (2007) Using a conceptual model in nursing research – mitigating fatigue in cancer 
patients. Journal of Advanced Nursing. 58 (5), pp. 503-512. 
 
Moon J. (2004) A Handbook of Reflective and Experiential Learning: Theory and 
Practice. London: Routledge. 
 
National Institute for Health and Clinical Excellence (2008) Guide to methods of 
technology appraisal [on line]. Available from: 
http://www.nice.org.uk/media/B52/A7/TAMethodsGuideUpdatedJune2008.pdf 
[Accessed 1st September 2010]. 
 
Rowling J. K. (2000) Harry Potter and the Goblet of Fire. London: Bloomsbury 
Publishing Plc.  
 
Schön D. (1991) The Reflective Practitioner. Aldershot: Ashgate Publishing Ltd.  
 
Walton M. (1995) Managing Yourself On and Off the Ward. Blackwell Science, 
Oxford. 
 
Wisker G. (2008) "History of the OED" (online). OED.com, Oxford University Press. 
http://www.oed.com/public/oedhistory. Retrieved 2012-02-18. 
The postgraduate research book 2nd edition Palgrave study skills. 
306 
 
Appendix 12 Clinical academic paper - submitted to the Dental Materials Journal 
(Japan) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
307 
 
The Simulated Skin Test Sample Optimal Thickness for Spectrophotometer 
Colour Measurement for Facial Prosthetics  
 
(Category: Original research paper) 
 
Authors: 
Cristina NACHER-GARCIA1, Mo Anwar BAMBER1, Abdul DOUIRI2, Wendy KNIBB3, 
Sara FAITHFULL3  
 
Cristina Nacher-Garcia MSc,
 
1
Cranio-Maxillofacial Prosthetics Unit  
Department of Maxillofacial Surgery 
King’s College Hospital NHS Trust  
Bessemer Road Denmark Hill, London SE5 9RS 
Phone: +44(0)203 2993079.  
Fax: +44 (0)203 2993754.  
Email: cristina.nacher@nhs.net 
 
Dr. Mo Anwar Bamber PhD 
1
Cranio-Maxillofacial Prosthetics Unit  
Department of Maxillofacial Surgery 
King’s College Hospital NHS Trust.  
Bessemer Road Denmark Hill, London SE5 9RS 
Phone: 0203 2993079.  
Email: mo.bamber@nhs.net 
 
Dr. Abdel Douiri PhD, FHEA 
Senior Lecturer in Medical Statistics 
2
King's College London 
Department Of Public Health Sciences 
42 Weston Street, London SE1 3QD UK 
Email: abdel.douiri@kcl.ac.uk 
 
Dr Wendy Knibb,  
Senior Lecturer in Health Economics 
3
School of Health Sciences 
Faculty of Health and Medical Sciences 
University of Surrey 
Guildford, Surrey GU2 7TE, UK 
wendy.knibb@surrey.ac.uk 
 
Professor Sara Faithfull 
Director of Health Sciences Innovation and Enterprise 
3
School of Health Sciences 
Faculty of Health and Medical Sciences, 
University of Surrey 
Guildford, Surrey GU2 7TE, UK 
Email: s.faithfull@surrey.ac.uk 
Key words: Facial Prosthetics, Spectrophotometer, Silicone sample thickness, 
Colour difference (∆E) 
 
308 
 
ABSTRACT 
Simulated skin silicone samples, of four ethnic colour groups, in various thicknesses, 
were tested, against minimum and maximum interference, using white and black 
backgrounds, with a spectrophotometer, to establish optimal silicone sample 
thickness for colour scanning facial prostheses. 
 
Facial skin colour scans, of 8 subjects; White (n=2) (male and female), Chinese 
(n=2), Indian (n=2), and Black (n=2) were taken. A silicone colour formula for each 
subject was computed using Spectromatch software and 7 silicone samples of 2, 4, 
6, 8, 10, 12 and 14 mm thickness, for each subject; in total (n=56) silicone samples, 
were processed. These silicone samples were scanned against white and black 
contrasting backgrounds, and the Delta E (∆E) values for each sample were 
calculated. The sample with lowest ∆E values was considered the optimal silicone 
thickness sample for each ethnic group. 
 
This study showed that optimal thickness for simulated skin colour measurements for 
White, Chinese and Asian ethnic groups was 6 mm; whereas for Black group the 
optimal sample thickness was 8 mm. However, after pooling the data, overall results 
showed that optimal thickness for all four ethnic groups was 8 mm. 
 
INTRODUCTION 
Physical attractiveness is important in the self-image of an individual1-2) and its impact 
of extend across a wide range of social and interpersonal situations3). The ability to 
restore a facial defect with an aesthetically pleasing prosthesis is critical for emotional 
well-being and assists in reinstating these individuals into their familiar social 
environment2). When surgical reconstruction is not a viable option in restoring facial 
defects4), maxillofacial prosthesis utilising man-made materials, such as, medical 
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grade elastomers (silicone) and metal implants, may provide an alternative option in 
restoring functionality and appearance due to the missing biological structures5-6) after 
ablative cancer surgery or gross facial trauma. 
 
Maxillofacial prostheses can have a positive dramatic impact on patient acceptance 
of facial defects, and improve their overall quality of life2-7). In particular, facial 
prosthetics can be a life-changing milestone for patients who have lost an eye, ear, 
nose or damaged intraoral structures as a result of trauma and ablative head and 
neck oncology8-9). Without the possibility of prosthetic rehabilitation in those with such 
apparent facial deformity, many have become reclusive, intentionally avoiding social 
situations and interactions2). In more recent times, with advances in science, 
materials and technology, a near normal facial appearance can be restored with a 
new prosthetic eye, ear or nose, increasing the demand for this service. Computer-
aided techniques could increase the efficiency of production10) whilst maintaining a 
high quality output10-11) so as to meet the increasing demand for this service and need 
for cost constraints in the current financial climate. 
 
An area of vital interest in maxillofacial prosthetics is skin shade matching. It is 
currently accomplished by mixing dry earth or oil pigments with translucent medical-
grade elastomers by trial and error until an acceptable colour match is achieved. This 
is a method which is subjective and requires lengthy clinical sessions. Colour-
matching remains a challenging task in maxillofacial prosthetics12-13). Application of 
digital technology in this area can potentially remove the subjective element of colour 
matching facial prostheses by replacing it with an objective, scientific method for 
achieving a precise match between the facial prosthesis to the surrounding tissues of 
the patient’s skin. 
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Scientific development in spectrophotometry and advancements in digital colour 
software technology may present an opportunity to improve the colouring process of 
clinical prostheses11-13). It is suggested that a new spectrophotometry-based system, 
Spectromatch Pro digital colour system (Spectromatch Ltd., Units 6-7 River Reach 
Gartons Way, London SW11 3SX, UK.) could produce a scientifically-calculated 
measurement for precise skin match14). The Spectromatch software, which is part of 
the Spectromatch Pro system, enables direct colour calculations obtained from skin-
scan spectral reflectance data. Based on these measurements, this system can 
produce an individualised silicone sample recipe. Thus, the coloured silicone sample 
formulated by this system may potentially offer an advantage over the conventional 
trial and error method for simulation of natural skin colour for silicone medical 
elastomers, through achieving the correct density and translucency that reflects 
harmony in the natural face. In addition, the measurements are repeatable and are 
stored automatically in a digital format, enabling future use of the saved clinical colour 
formula. This system also permits the addition of flocking in simulating blood vessels 
of human skin and adjustments for the base colour by pigment loading accordingly. 
Overall, this system has the potential to advance maxillofacial prosthetics practice 
and enhance patient satisfaction. However, this system and/or the colour matching 
process has not been tested scientifically nor validated clinically. 
 
In colour science (CIE Commission Internationale de L’Eclairage 1976) precise colour 
match between two samples may be quantified by colour difference (CIE 1976). 
Colour difference is defined as the distance between two colours and uses Delta-E 
(∆E) as the unit of measure. Delta-E (∆E) is attained by calculating the difference 
between two colours, i.e. a reference colour and a sample colour that attempts to 
match the reference colour, based on L* a* b* coordinates (CIE 1976). This method 
allows quantification of a notion that would otherwise be described with adjectives. A 
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∆E≤1 between two colours that are not touching one another is barely perceptible by 
the average human observer, and considered indistinguishable15). Thus, a higher ∆E 
value represents a greater difference between the two samples being compared. In 
graphics and art industry, an acceptable colour match is usually a ∆E in the range of 
between 2 and 616-17) while ∆E between 3 and 6 is typically considered acceptable 
commercial reproduction on printing presses16-17). In dental and maxillofacial colour 
research, the magnitude of perceptible and/or acceptable colour differences for 
human observers is still ill-defined. In dentistry, a ∆E<1.6 was considered acceptable 
when comparing the match between restored teeth to adjacent to natural teeth18). It 
may be postulated that for a facial prostheses to be clinically acceptable, the ∆E 
value would have to be <1.0, as fitted facial prostheses are located adjacent to the 
facial structures (prostheses - skin). There are few published colour matching studies 
of facial prosthesis. In one study utilising 90 lay people as observers, the reported 
perceptibility and acceptability thresholds for colour difference for fair-skin population 
was 0.8 and 1.8 ∆E respectively, and for dark skin population 1.3 and 2.6 ∆E, 
respectively19). A smaller study evaluated the relationship between an objective 
computer measurement of colour difference using ∆E and the subjective clinical 
opinion of a good colour match between silicone samples and skin of 19 African 
Canadian subjects by 9 judges20). The study findings were inconclusive20). In another 
study, a colorimeter was used to measure the colour difference between silicone 
samples against the skin of 15 Caucasians subjects21). This study reported a wide 
ranging ∆E value of 3.49 to 9.70 ∆E when using 1mm silicone thickness, and 16.31 to 
28.67 ∆E with 10 mm thickness. This study demonstrates an important 
methodological problem where varying silicone thickness influences colour 
differences ∆E value, highlighting the urgent need to identify an optimal sample 
thickness required for scientific silicone colour measurement. 
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The possibility of Spectromatch Pro system in replacing subjectivity during colour 
matching process with objectivity in Maxillofacial clinical practice requires an 
understanding of the clinical tolerance for ∆E based on spectrophotometric data 
obtained and computerised colour formulation produced by this system. 
Fundamentally, there is a need for identifying a baseline optimal thickness for silicone 
samples to allow for standardised measurement of colour by spectrophotometer 
scans. Thus, the aim of this study was to determine the optimal specimen thickness 
to would enable accurate and consistent measurement of the silicone samples testing 
procedure. 
 
MATERIALS AND METHODS 
Subjects 
Volunteers consisting of staff, students, and patients referred to the Craniofacial 
Prosthetics Unit, King’s College Hospital NHS Foundation Trust, were invited to 
participate in this study. All prospective subjects were provided with an information 
sheet. Those who were willing to participate were formally consented. Eight subjects 
from 4 ethnic groups, namely, 2 White (Caucasian), 2 Chinese, 2 Asian, 2 Black were 
recruited prospectively to this study. 
Equipment 
The Spectromatch digital colour system (Fig.1), is a comprehensive tool that can 
measure the colour of the skin by a spectrophotometer (Konica Minolta 
spectrophotometer 2003D) (Fig.1), and subsequently uses its own software and 
colour pigments (medical device) to process silicone samples and reproduce the 
patients’ colour match.  This system also permits the addition of flocking (vein like 
filaments), for simulating blood vessels in human skin, and adjustments for the base 
colour by pigment loading accordingly. 
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The Spectromatch software system allows for direct colour calculations from the skin-
scan spectral reflectance data. The scan-measurements taken by the 
spectrophotometer are processed by the system software.  In the colour toolbox of 
the Spectromatch system, a graph shows the spectral reflectance curve from a 
colorant recipe, the recipe, represents and should match the target skin colour. The 
system and its software is designed to graphically represent the CIE L*a*b* colour 
space model (CIE 1976) and this has been programmed with the CIE Lab CMC 
equation, where the spectral data from the target skin colour is represented on the 
three coordinates, and the graphical colour tolerance model, that will be used as the 
model for the colour difference calculations in this research study. 
Method 
The facial skin at forehead (glabella) (Figure 1a) was chosen as the sample site. The 
glabella skin was scanned by the researcher to obtain the skin colour spectral data 
and formula (pigments loading) using a spectrophotometer scanner (Konica Minolta 
2300D, Spectromatch Ltd. UK) (Figure 1b). Each scan consisted upon an average of 
3 skin colour scan-measurements. 
Based on the skin-scan colour formulae, a set of 2.5 x 6-cm silicone (medical grade 
silicone M511, Technovent Ltd. UK) strips (samples) in the following thickness; 2, 4, 
6, 8, 10, 12, 14-mm, were processed at 110º C according to the manufacturer’s 
recommendation. To ensure dimensional accuracy of silicone samples, two custom 
designed aluminium metal moulds were manufactured by the Medical Engineering 
Department, University College London Hospital NHS Trust, to process the 
elastomers (silicone) samples (Figure 2 a-b). The dimensions of these moulds were: 
(a) 220 x 110 x 40-mm with four, 2, 4, 6, 8-mm deep cavities; and (b) 175 x 110 x 40-
mm mould with 2.5 x 6-cm and 2, 4, 6, 8, 10, 12, and 14-mm deep cavities, In total 
(n= 56) silicone samples were processed (Figure 3 a-b). 
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The processed silicone samples were scanned with the spectrophotometer by the 
researcher, on white (Figure 4 a-b), and black (Figure 5 a-b) backgrounds (Elle Erre 
Card, White & Black, 220g, Ryman Ltd. UK) to obtain the CIE L*a*b* values, and their 
corresponding ∆E values. A total of 112 measurements were made i.e. 56 
measurements against the white and black backgrounds, respectively. 
 
The sample with the ∆E value closest to 0 in all representative samples of all 4 ethnic 
population groups were identified as the sample with the optimal thickness to carry 
out the colour scan-measurement with spectrophotometer for facial prostheses. The 
∆E values were statistically analysed, the ∆E of each sample was computed and 
compared with other samples and statistically analysed. For the sample thickness 
analysis, the T-test using SPSS programme was applied to test the significance of 
difference within the samples at (p<0.05). The mean ( ) and standard deviation (SD) 
were computed. 
 
The probability is 0.800 that a sample size of 56 will produce a two-sided 90% 
confidence interval with a distance from the mean to the limits that is less than or 
equal to 0.200 if the population standard deviation is 0.880. 
Ethical approval was sought and obtained from the NHS Research Ethics Committee 
(REC) and from the relevant institutions. The REC study reference number was 
12/LO/0298. 
 
RESULTS 
The silicone specimens of various thicknesses were tested for colour reproducibility 
against the original scan spectral data and L* a* b* with the ∆E values were 
computed using the Spectromatch programme (Tables 1 and 2). Overall, the mean 
∆E ±SD for all subjects were 2.34 ± 0.89 at 2-mm; (∆E) 1.26 ± 0.90 at 4-mm; 1.09 ± 
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0.93 at 6-mm; 1.02 ± 0.87 at 8-mm; 1.13 ± 0.98 at 10-mm; 1.16 ± 0.97 at 12-mm; and 
1.20 ± 1.07 at 14-mm thickness, respectively (Table 1). 
 
The results were considered based on different contrasting background. On a white 
background, the mean ∆E (SD) were: 2.72 (0.57) for 2-mm thickness, 1.21 (0.97) for 
4-mm thickness, 1.04 (0.96) for 6-mm thickness, 1.01 (0.92) for 8-mm thickness, 1.12 
(0.99) for 10-mm thickness, 1.13 (1.00) for 12-mm thickness and 1.22 (1.11) for 14-
mm thickness. On a black background, the mean ∆E (SD) were: 1.97 (1.02) for 2-mm 
thickness, 1.31 (0.88) for 4-mm thickness, 1.13 (0.95) for 6-mm thickness, 1.02 (0.88) 
for 8-mm thickness, 1.14 (1.04) for 10-mm thickness, 1.19 (1.00) for 12-mm thickness 
and 1.18 (1.10) for 14-mm thickness (Table 1). 
 
The results highlighting differences between White, Chinese, Asian and Black groups 
are illustrated in bar charts in Graphs 1 to 3. This shows that Asian and Black ethnic 
group were more influenced by the black background and required much higher 
thickness samples. Paradoxically, this result may also indicate that the Spectromatch 
Pro System has a difficulty in computing Asian and Black subjects’ darker skin colour. 
Overall, these groups had higher ∆E values. However, when the data was pooled 
together (Graph 3), the different background interference was not significant, which is 
in contrast with the black background (Graph 1 and 2) which had more effect on the 
∆E outcome than white background, which is the maximum interference of this 
variable that one could expect. 
 
The results were compared intra-subject and sample thickness. The differences 
found between 2-mm vs 4-mm was highly significant (p<0.05, t-test,). Other 
comparisons, namely (4-mm vs 6-mm (p=0.01) and 8-mm vs 10-mm (p=0.01) 
showed statistically significant difference (p<0.05, t-test). The differences of other 
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comparisons, namely, (6-mm vs 8-mm), (6-mm vs 12-mm), (6-mm vs 10-mm), (10-
mm vs 12-mm), (12-mm vs 14-mm) were not statistically significant (p> 0.05, t-test). 
These findings suggest that the optimal sample thickness range was between 6 and 
8-mm. 
 
The colour difference (∆E) of different silicone thickness based on differing 
backgrounds was calculated (Table 2). When using against white background: 2-mm 
(2.72); 4-mm (1.21); 6-mm (1.04); 8-mm (1.01); 10-mm (1.12); 12-mm (1.13), 14-mm 
(1.22). When using against black background; 2-mm (1.97); 4-mm (1.3); 6-mm (1.13); 
8-mm (1.02); 10-mm (1.14), 12-mm (1.19), 14-mm (1.18). This result indicates that 
the optimal thickness sample for white and black backgrounds was 8-mm. 
 
The sample with the lowest (∆E) value indicates the required optimal thickness for 
accurate colour measurements with the Spectromatch digital colour system. The 
statistical analysis of this variable showed that the overall optimal thickness for 
medical elastomers in 4 ethnic groups studied was 8 mm. However, when individual 
ethnic groups were considered, 6 mm thickness was optimal for white subjects; 
whereas a minimum 8 mm thickness would be required for Black subjects. 
 
DISCUSSION 
This is the first study of its kind in establishing the optimal thickness required to allow 
for a standardised assessment for colour matching of silicone specimens using the 
spectrophotometer. The outcome of this study was intended to set scientific basis for 
further research to facilitate evidence-based facial prosthetics practice. It was 
essential to establish the optimal silicone sample thickness (mm) for light to dark 
human skin tones for standardised testing samples with the digital colour technology 
using the spectrophotometer. 
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The results of this study are strengthened by two methodological elements. The first 
was the introduction of custom designed aluminium metal moulds. These moulds 
were manufactured to produce samples with precise dimensions to ensure accuracy 
and precision of silicone samples tested. Secondly, this study considered the impact 
of different backgrounds upon varying thickness of silicone samples during 
spectrophotometer scanning. This was based on the results obtained in study by Ma 
and co-workers22). In this study Ma and co-workers22) attempted to fabricate a shade-
guide of pre-formulated colorants for colour matching facial prostheses. Their aim 
was to provide a better shade match by modifying the colouring technique so as to 
minimising the need for extrinsic characterisation after processing. Although this was 
an attempt to define a new colouring technique, the results inadvertently highlighted 
the importance of varying thickness of a prosthesis sample when colour matching 
facial prostheses workers22) because the thickness of the mix changed the opacity of 
the samples. Ma and co-workers22) utilised rectangular wedge-shaped silicone 
samples (1-inch length x 1/4- inch wide) with 1/4-inch thickness at one end tapering 
to a knife edge on the other end with the surface texture of one side of the silicone 
sample was smooth with the opposite side, evenly divided into three different areas 
with light, medium, and heavy stippling. While the emphasis of their work was on a 
technique description of a conventional method and not a computerised technology, it 
nevertheless clearly demonstrated that not only sample thickness can be an 
influencing factor in deciding good colour match, but also the contributing influence of 
the background it was scanned against. This observation was incorporated in the 
methodological approach in our study by evaluating the contrasting white and black 
backgrounds. This study determined the optimal sample thickness for four ethnic 
groups, with light to dark skin shade. These results could not be compared with the 
maxillofacial elastomers used in the present study as the components and physical 
properties of the materials greatly differ. In one study evaluating elastomers using the 
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colorimeter21) produced a 7-step wedge silicone shade guide for each of their 15 
subjects with thickness variations of 1, 2, 4, 6, 8 and 10 mm. Each area of the step 
specimen had a 1.5 cm square, providing an adequate area of silicone for visual 
shade matching and for the colorimeter measurements21). Good correlations between 
the patient’s colorimeter measurements and the silicone samples, were reported, with 
the b* colour dimension being the most reproducible, followed by the L* and a* axes.  
Silicone samples at 6, 8 and 10 mm matched the patient’s skin the best, reporting 
that the silicone samples can be duplicated successfully when a good patient–
silicone match is obtained. This study concluded that the optimal sample silicone 
thickness was between 6 and 10-mm. This study was limited by a small sample size 
in a single ethnic group. Furthermore, the measurement device used was a 
colorimeter and not a spectrophotometer. This precludes any meaningful comparison 
to the results obtained in this study. Based on the overall finding of this study, the 
recommended thickness for silicone sample indicated is 8-mm in all ethnic population 
studied. In the White skin group, 6 mm thickness was found to be optimal. In addition, 
this study found that the accuracy of maxillofacial prosthetics colour matching using 
spectrophotometer, the test sample background colour used especially dark colour 
may have influence over the outcome (Graph. 1 - 2). 
 
Varying silicone thickness may have an impact on the practical side of fabricating the 
prosthesis. For example, when fabricating facial prostheses with thin edges, where it 
is difficult to match the prosthesis periphery where it blends onto the natural patient 
skin. The result of this study has determined the overall optimal silicone sample 
thickness (8 mm) in both; light and dark, human skin shades for digital colour 
measurements using a spectrophotometer. However, for light skin this study showed 
that 6 mm silicone sample thickness was acceptable. 
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A possible shortcoming of this study relates to the sample size. While the 
composition of recruited sample is representative of various ethnic groups within a 
metropolitan population of London, the sample size relatively small. Statistical power 
calculation indicated that the number recruited (n=8) was considered adequate to 
produce the number of test samples required to test the research hypothesis / 
question, and that any more sample would not have provided a different answer. 
The finding of this study is valuable because it establishes the basis for 
standardisation of method in further research studies applicable in digital colour 
technology, for example, future clinical studies comparing the conventional trial and 
error method against the digital technology method in achieving colour matching. In 
addition, this study has also established baseline spectrophotometer data different 
skin colours of different ethnic groups for application in digital facial colour 
technology. The results obtained from this study have allowed evaluation of relevant 
components and the overall performance of the Spectromatch Pro Digital Colour 
System for measuring and calculating skin colour for clinical applications (Manuscript 
in preparation). 
 
CONCLUSION 
This novel study established the overall optimal thickness for medical elastomer 
samples for testing at 8-mm for the wider population of White, Chinese, Indian and 
Black human skin shades. When considering measurement of individual ethnic 
groups, 6 mm would be sufficient for White skin ethnic group while dark skin ethnic 
groups would require a minimum thickness of 8 mm. However, if measured against 
contrasting background, the required sample thickness for accurate colour 
measurement would vary accordingly. This study advocates that sample thickness of 
less than 4mm would not be acceptable for silicone skin colour measurements using 
spectrometry. 
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Table 1 Silicone sample thickness for simulated skin colour measurement. Delta E 
(∆E) value for each ethnic group. The sample with the lowest value indicates the 
required optimal thickness for skin colour measurements with the spectrophotometer 
Minolta 2003D. Mean= overall mean.SD= standard deviation. W= white background. 
B= black background. bk= background. 
 
 
 
Table 2 Silicone sample thickness for simulated skin colour measurement; ∆E value 
for each ethnic group. The sample with the lowest value indicates the required 
optimal thickness for skin colour measurements. 
 
 
 
  
Delta E 2 mm 4 mm 6 mm 8 mm 10 mm 12 mm 14 mm
Sub.1 W 2.69 0.29 0.52 0.55 0.55 0.59 0.67 White
Sub.2 W 3.17 0.57 0.24 0.38 0.52 0.62 0.74 White
Sub.3 W 3.33 0.69 0.4 0.57 0.83 0.96 0.62 Chinese
Sub.4 W 3.13 0.5 0.56 0.64 0.78 0.37 0.77 Chinese
Sub.5 W 1.84 2.66 2.81 3.06 3.37 3.33 3.69 Asian
Sub.6 W 3.14 0.54 0.23 0.27 0.28 0.24 0.14 Asian
Sub.7 W 1.98 2.26 1.83 1.21 1.11 1.41 1.48 Black
Sub.8 W 2.47 2.18 1.75 1.42 1.54 1.48 1.67 Black
Sub.1 B 2.85 1.23 0.8 0.68 0.58 0.58 0.58 White
Sub.2 B 2.45 0.9 0.48 0.41 0.53 0.55 0.54 White
Sub.3 B 1.08 0.56 0.17 0.39 0.78 1.06 0.66 Chinese
Sub.4 B 0.72 0.64 0.76 0.65 0.67 0.58 0.75 Chinese
Sub.5 B 3.29 2.97 2.97 2.96 3.58 3.41 3.71 Asian
Sub.6 B 0.64 0.41 0.37 0.36 0.44 0.31 0.32 Asian
Sub.7 B 2.17 1.89 1.74 1.41 1.22 1.48 1.53 Black
Sub.8 B 2.56 1.85 1.77 1.32 1.31 1.52 1.34 Black
Mean 2.34 1.26 1.09 1.02 1.13 1.16 1.20
SD 0.89 0.90 0.93 0.87 0.98 0.97 1.07
Mean (W-bk) 2.72 1.21 1.04 1.01 1.12 1.13 1.22
SD (W-bk) 0.57 0.97 0.96 0.92 0.99 1.00 1.11
Mean (B-bk) 1.97 1.31 1.13 1.02 1.14 1.19 1.18
SD (B-bk) 1.02 0.88 0.95 0.88 1.04 1.00 1.10
Mean Delta E 2mm 4mm 6mm 8mm 10mm 12mm 14mm
White on W 2.93 0.43 0.38 0.47 0.54 0.61 0.71
Chinese on W 3.23 0.60 0.48 0.61 0.81 0.67 0.70
Asian on W 2.49 1.60 1.52 1.67 1.83 1.79 1.92
Black on W 2.23 2.22 1.79 1.32 1.33 1.45 1.58
White on B 2.65 1.07 0.64 0.55 0.56 0.57 0.56
Chinese on B 0.90 0.60 0.47 0.52 0.73 0.82 0.71
Asian on B 1.97 1.69 1.67 1.66 2.01 1.86 2.02
Black on B 2.37 1.87 1.76 1.37 1.27 1.50 1.44
White 2.79 0.75 0.51 0.51 0.55 0.59 0.63
Chinese 2.07 0.60 0.47 0.56 0.77 0.74 0.70
Asian 2.23 1.65 1.60 1.66 1.92 1.82 1.97
Black 2.30 2.05 1.77 1.34 1.30 1.47 1.51
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Graph 1 Delta E (∆E) for 2, 4, 6, 8, 10, 12, 14 mm thick silicone samples, 8 subjects 
and 4 ethnic groups measured against white (W) background. 
 
 
 
 
Graph 2 Delta E (∆E) for 2, 4, 6, 8, 10, 12, 14 mm thick silicone samples, 8 subjects 
and 4 ethnic groups on black (B) background.  
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Graph 3 Delta E for 2, 4, 6, 8, 10, 12, 14 mm thick silicone samples, 8 subjects and 4 
ethnic groups overall mean after pooling all the data and with white (W) and black (B) 
background; indicating that the background has not significant difference.  
  
 
Figure 1 a) Subject’s skin at glabella - forehead was colour scanned using 
spectrophotometer, b) Spectromatch colouring system set up. 
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Figure 2 Custom designed two aluminium metals moulds; a) with four; 2, 4, 6, 8 mm; 
and b) with 10, 12, 14 mm, deep cavities, to process the elastomers (silicone) 
samples of precise dimensions. 
 
  
 
.  
b 
b 
a 
a 
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Figure 3 Medical elastomers (silicone) specimens’ samples n=56; a) two white 
subjects samples in the various thickness; and b) samples of eight subjects, two 
White, two Chinese, two Asian and two Black. 
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Figure 4 a) Light, and b) dark, medical elastomer (silicone) samples, 2 and 14 mm 
thick, on white background, were scanned with the Minolta spectrophotometer 
2300D. 
 
  
  
Figure 5 a) Light, and b) dark, medical elastomer (silicone) samples, 2 and 14 mm 
thick, on black background, were scanned with the Minolta spectrophotometer 
2300D. 
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